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ABSTRACT 

Measurements of energy-loss distributions were made for 51, 102, and 

155 keV protons traversing hydrogen, methane, ethyne (acetylene), ethene 

(eth\lene), ethane, propvne (methyl acetylene), propadiene (allene), 

propene (propylene), cyclopropane and propane. The objectives were to 

test the theories of energy-loss distribution ii •nis energy range and 

to see if the type of carbon bonding in a hydrocarbon molecule affects 

"~he shape of the distribution. Stopping powers and stopping cross sections 

were also measured at these energies and at 76.5 and 127.5 keV to determine 

effects of chemical binding. All of the measurements were made at the 

gas density required to give a 4% energy loss. The mean energy, second 

central moment (a measure of the width of the distribution), and the 

third central moment (a measure of the skew) were calculated from the 

measured energy-loss distributions. Stopping power values, calculated 

using the mean energy, compared reasonably well with those calculated from 

the Bethe stopping power theory. For the second anc1 third central moments, 

the best agreement between measurement and theory was when the classical 

scattering probability was used for the calculations, but even these did 

not agree well. In all cases, variations were found in the data that could 

be correlated to the type of carbon binding in the molecule. The differences 

were statistically significant at a 99% confidence interval for the stopping 

powers and second central moments measured with 51 keV protons. Similar 

trends were noted at other energies and for the third central moment, but 

the differences were not statistically significant at the 99% confidence 

interval. 



CHAPTER I 

INTRODUCTION 

Purpose and Objectives 

Knowledge about the penetration of charged particles in matter 

is essential to research in nuclear, solid state and high energy physics, 

radiation biology and chemistry and radiation dosimetry. The quantity 

most often used is the stopping power of the material being traversed, 
cl& 

the average energy loss per unit path length (keV or MeV per cm or 

mm). Another widely used quantity is the mass stopping power -(l/p)dE/dx 

which has units of energy per mass per length squared, i.e., keV cm2/g. 

Here p is the density of the material in g/cm3. The stopping cross 

section, a closely related quantity with units of eV-cm2, is often used 

for more theoretically oriented work. 

Both theoretical and applied radiation dosimetry require a 

knowledge of how energy is lost as a charged particle traverses matter, 

particularly tissue. Applied dosimetry includes calculations and mea-

surements of quantities, such as energy deposition as a function of depth, 

and also includes the development of dosimeters to characterize a radia-

tion field^1,2,3'^. One of the most useful ways to characterize a 

neutron field is to measure the energy spectrum of the neutrons. For 

neutron energies between 5 keV and 500 keV, a proportional counter 

1 
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(5 M 
filled with hydrogen or a hydrocarbon gas is a useful instrument 

The stopping power of the recoil protons in the gas must be known to 

design the counter and to evaluate the data it produces. 

One aspect of the available data was that chemical binding 

seemed to have a measurable af'feit on the stopping power of protons with 

energies below 150 keV. (It is not unreasonable that molecular binding 

would affect the energy losses of protons with velocities like those of 

the orbital electrons in the gasesj. A large part of the energy spec-

trum of the recoil protons produced in tissue by neutrons from nuclear 

fission is in this range; thus, the importance of this effect extends to 

calculations of the energy losses of protons in tissue. This experiment 

was designed to repeat some of the existing measurements, to extend them 

to a larger number of gases and to study the details cf the process by 

measuring not only mean energy losses, but also energy less distri-

but ions. 

Available equipment limited the experiment to protons with 

energies of 51, 76.5, 102, 127.5 and *S3 keV and to the gases hydrogen, 

methane, ethyne, ethene, ethar.e, prcpyne, propadisne, propene, cyclopro-

pane and propane. These energies, coupled with a 4% energy loss, allowed 

the results to be quoted at the even energy values of 50, 75, 100, 125 

and 150 keV. Detailed measurements of the eneigy loss distribution were 

made at 51, 102 and 153 keV. 
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Previous Work 

Energy loss measurements began in the antiquity of the nuclear 

age. Becquerel discovered natural radioactivity in 1896 and by the 

beginning of this century pioneers, such as Rutherford and Bragg, were 

studying the passage of charged particles through matter. In 1905, in 

one of the many early papers published on the subject, the idea that the 

stopping power of a molecule was the sum of the stopping powers of its 
C7) 

constituent atoms was stated oy Bragg and Kleeman^ . To quote from 

their conclusions: "...it appears that for all the materials exairined 

the less in traversing any atcm is nearly proportional to the square 

root of the weight of that atom. The less in the case of a complex 

molecule is proportional to the sum of the square roots of the weights 

of the constituent atoms". These conclusions were not entirely correct 

but, to put this work into perspective, it was not until six years later 

(1911) that Rutherford's paper cr. the nuclear atom was published^. 

While Bragg1s measurements were primarily range measurements, Rutherford, 

Geiger and other early workers were able to measure energy losses of 

alpha particles in gases and thin foils by using magnetic fields to 

deflect the ions and scintillation screens to detect them. By 1913, 

Bohr had published a semiclassicoj. treatment of the energy loss of (91 

charged particles passing through matter^ . Bohr's physical insight 

was great enough that a large share of this treatment was validated by 

the later quantum mechanical work, done primarily by Bethe^1*^. For 

low-velocity particles, more recent theoretical work has been done by 

Lindhard and Scharff'. 

Work with protons came later because the development work of 

Cockroft and Walton (1932) was needed before usable amounts of protons 



f l " 7 J were available^- . In 1938s proton energy losses were reported by 

Haworth and King who used variations in the yield of the 7Li (p,a) 4He 
(131 

reaction for thick and thin targets as a detector^ . The first modern 

proton energy-loss measurements in gases were probably those reported by 

Crenshaw in 1942, who used a differentially pumped gas cell, a magnetic (141 
spectrometer and a phosphor screen (as a detector)v . Since then, a 

great deal of experimental work has been performed and a number of 

review papers have been written. One widely quoted review, that includes 

the energy range considered in this experiment, was published by Whaling 

in lSSS^15^. 

More can be learned from energy-loss measurements than just the 

mean energy lost by the particles. Even in his early work, Rutherford 

noted the widening of the width of the energy distribution of alpha 

particles that had traversed a stopping medium, often referred to as 

stopping power straggling. The first quantitative measurements of this 

effect appear to be those reported by Geiger in 1910^^-'. Briggs report-

ed a better measurement in 1927 that used photographic film, rather than 

a scintillation screen, to measure alpha particles slowed in thin mica 
r -- (17) foiis1- . 

Determination, of proton energy-loss distributions are more 

recent, with the interest due partly to the development of high res-

olution detectors. Only part of the work that has been done will be 

mentioned. For protons in the 400 to 1200 keV energy range, measure-

ments were made in foils by Madsen and Venkateswarlu'1®'*^ and by 
(201 (211 Chilton et al. - Ophei and Morris1 '' made energy loss distribution 

(221 measurements on Al foils with 992 keV protons, and Nielsen^ J used a 
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number of different foils and proton energies from 1.5 to 4.5 MeV. 

Although a number of measurements have been reported of proton energy-

loss distributions in gases, most are at much higher energies than this 
C23 25 26 2"71 

experiment1 * 1 * . One measurement at 1 MeV in gases was 

reported by Mason et a l . . Energy loss distributions of protons with 

energies below 1 MeV apparently have not been measured. 

Considerable effort has been expended to develop a theoretical 

description of energy loss straggling and of the distribution of enerpy 

losses. The problem is often divided into three regions: (1) small 

energy losses, where the particle energy can be assumed unchanged as it 

traverses the stopping medium, (2) large energy losses, and (3) the 
intermediate region. Fano has given a means of defining the three 

(29) 

regions . 

For small energy losses, Landau derived a transport equation 

that, could be transformed to give the energy-loss distribution^30-^. This 

work was refined by Vavilov whcse work was in turn corrected by 

Blunck and Leisegang^-' and by Shulek et al. . The approximations 

involved in this work are better at higher energies. Indeed, Vavilov's 

theory is essentially limited to protons with energies above 10 MeV. An ("341 

extension of this work to heavier pai*ticles has been made by 3ichselu \ 

Thin absorbers are also discussed by C l a r k e w h o uses a paper by 

Tschaiar^6-' as his starting point and one by Wilson et al. who started f371 with electron scattering cross sections^ . 
Bohr considered a case corresponding to large energy losses in 

( 38") 

1915 . In his treatment, Bohr argued from the central limit theorem 

that the distribution of energy losses would become Gaussian for a 
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sufficiently large mean energy loss. Moreover, he argued that this 

Gaussian form would be reached while the full width at half maximum of 

the distribution was still small compared with the mean energy. Related 
C391 

work for electrons was published by Williams in 192£r . Other theoreti-

cal considerations of the thick absorber problem have been made by 

Tschaiar^36) . Livingston and B e t h e ^ , Lewis'-41^, and Payne^42^. 

This experiment was designed to fall in the intermediate energy-(43 44" 

loss region. The best theory in this region was developed by Symon * 

This theory goes approximately to the Landau results at small losses and 

also remains correct at large losses, unlike the Bohr theory. Payne 

summarizes this theory in a brief and useful manner in his paper on 

thick absoi'bers. Corrections similar to those provided by Livingston 

and Bethe for the Bohr theory have been provided for the Symon theory by 

Rosenzweig''4"'^. 

For particles whose energy exceeds the binding energy of the 

electrons, the formulas for stopping power show a direct dependence upon 

the number of electrons available to interact with the incident charged 

particle. Therefore it seems reasonable that, for a swiftly moving ion, 

the stopping that results when a charged particle traverses a molecular 

material should be the result of the total number of electrons available, 

regardless of their arrangement within the molecule. This is essentially 

the reason for the additivity observed by Bragg and Kleeman. It is a 

powerful means of determining the stopping power of molecules when the 

stopping powers of constituent atoms are known. If it is true, only 

atomic materials need to be studied and calculations based on those data 

would suffice to determine the stopping power of any compound. For 

gases, experimental data are consistent with this premise above 150 keV 



and below 100 MeV. Since the energy region from 50 to 150 keV is of 

interest in dosimetry, it is essential that deviations from Bragg additiv-

ity in that region be understood, particularly because energy losses 

for tissue are difficult to measure directly. 

Reynolds et al. and Park and Z i m m e r m a n m a d e measurements 

of proton energy losses in gases in this energy region. Reynolds found 

variations from Bragg additivity below 150 keV for a number of molecular 

gases. Jorgenson used the data of Reynolds et al. to calculate the 

stopping power per electron for different types of carbon bonds in 

hydrocarbon m o l e c u l e s . Park and Zimmerman found differences in the 

values obtained for propene and cyclopropane which have the same emperi-

cal formula, C3H6, but have a difference between double and single 

carbon bonding. Although they were working with Jorgensen, they did not 

apply his conclusions to their data. On the basis of alpha particle 

stopping measurements made at the same time, Park and Zimmerman predicted 

that the effect of molecular binding on alpha stopping powers would be 

much less. Bourland and Powers, using alpha particles in the same 

velocity region as 100 keV protons, found no difference in the stopping 

cross sections o£ cyclopropane and propene but observed deviations for 

compounds with triple carbon bonds, such as ethyne'-49^. Conversely, 

Williamson and Watt found no variations that could not be explained by 

shell corrections, although their experiment considered only alpha 

particles at somewhat higher velocities^ J . They also reworked the 

data obtained by T h o m s o n f o r 340 meV protons to show that it may 

have been misinterpreted, Bothe^52'' and Brandt'-53^ have also considered 

the dependence of stopping pcwer of atoms on their molecular state. 
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In this experiment, propyne and propadiene, both C3H4, and cyclopropane 

and propene, both C3H6, provided two direct comparisons to test Bragg 

additivity. The present measurements also included two gases with 

triple carbon bonding, ethyne and propyne. 



CHAPTER II 

THEORY 

Stopping Pcwer 

No detailed derivation of the theory of stopping power will be 

given because this experiment was not designed to test this theory. 

Considerable experimental evidence already exists to show that the 

theory gives a good description of nature. Moreover, this theory has 

already been discussed widely in the literature. For example, a particu-

larly compact and useful discussion of the derivation of the theory has 
f54"> 

been given by Turner 

The assumptions made by Bohr and Bethe will be listed, as these 

also affect the validity of the theories of energy loss distributions 

that will be discussed in more detail. In both cases, the ion will be 

characterized by velocity, V, and energy, E, charge, ze, and mass, M; the 

electron by charge, e, and mass, m, and the stopping medium by atomic 

number, Z, and N atoms per cubic centimeter. 

In the semi-classical theory of stopping power published in 

1913, Bohr assumed the incident ion was not moving rapidly enough to be 

relativistic but fast enough that the electrons in the stopping medium f91 could be considered at rest1, The electrons were assumed to be bound 

9 
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loosely enough to be considered free. Interactions between the ion and 

electron were assumed to have a negligible effect upon the direction of 

travel of the ion. The theory assumes that a sharp force acts briefly 

between the ion and electron and that the momentum transferred can be 

calculated in the impact approximation. The result obtained was 

dE 4 T T Z V +N Z ,buiax, 
•as?= — j — l n ( b — 3 • mV^ nan 

where b and b . are the maximum and minimum values of the impact max m m c 

parameters that can cause a quantum transition. To find bmax> Bohr 

assumed that the collision time, at, could not exceed the orbital period 
b 1 V 1/v of an atomic electron i.e., At * rr < — , therefore, b ^ — . ' V max v v 

To evaluate b . , one can assume that an interaction can occur only m m 
when b exceeds the de Broglie wavelength of the electron. In the refer-

ence system in which the incident ion is at rest, the electron has a 
Vi h velocity, V, and a wavelength, X = —rr, so that b . With these mv m m r v 

substitutions, the stopping-power formula becomes 

dE 47rz2e**NZ , ,mV2 - — l n ( j . 
d x mV2 hC 

(Since Bohr's work preceded de Broglie's by about 12 years, this 

argument is an updated version of Bohr's.) In 1930 Bethe used quantum 

mechanics to derive this equation in the first Born approximation, 

limiting the integration to dipole t e r n s U s i n g higher-order terms 
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f 54} leads to shell corrections for collisions involving small energy transfers . 
3 

The second order Born approximation gives a term proportional to z that 

is also important in assessing shell c o r r e c t i o n s ^ ' ^ . 

The result of Bethe's derivation was 

dE 47rz2e'*N2 . ,2mV2 -rr = In (-?—J 
d x mV2 1 

This is the same as Bohr's result except that hv has been replaced by 

1/2 I, the mean excitation energy. This quantity is defined in terms of 

the transition energies, En-EQ, from the ground state to the n1*1 excited 

state of the absorber atoms and the respective dipole oscillator strengths, 

f , by ln I = Z f ln (E -E ). n n n v n oJ 

In this experiment, the incident ions were protons of energy E 

with mass M. It will be convenient to write the stopping power as 

dE _ 2iTe'tMNZ 4mE 
dx " mE l n LMI J 

We assume that the electron's speed, v, is much smaller than 

the proton speed, V. Is this a good assumption for this experiment? At Ê  

= 50 KeV, V = 3.1 x 108 cm/sec; when Ep = 150 KeV, V = 5 . 4 x 108 

cm/sec. The velocity of the electron in the ground state of the 

hydrogen atom is 2.2 x 10® cm/sec. In the L shell of carbon v = 6.6 x 

108 cm/sec and in the K shell v = 1.3 x 109 cm/sec. Obviously, the 

assumption is not a good one. However, to quote Livingston and Bethe, 

"...the general principles of Born's approximation can be applied to the 
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collisions of heavy particles with atoms down to velocities much lower 

than that of the atomic e l e c t r o n . " . When the condition V»v does 

fail, the stopping power formula can be improved by the addition of a 

shell correction term, - ^ e MN ^ With care, these corrections can be 
mt 

obtained from experimental data and in some cases may be calcula-
e d(S8,59,60)_ 

Distribution of Stopping 

The stopping-power theories were outlined because of the input 

they provide fox calculations made of the distribution of energy losses. 

This distribution is generally denoted as F(E,S), where F(E,S)dE is 

the fraction of particles with energies between E and E + dE after a path-

length, S, has been traversed in the stopping medium. According to 
f 2 9 ) 

Fanov , the distribution function obeys the equation 

3F(E,S)/3S = - NE on(E)FCE,S) +NE cn(E * En) F(£ + En,S) + 6(E-E0) 5(S), 

where CTn(E) is the cross section for the inelastic collision that raises 

the atom to the energy level En- The last term represents the production 

of the particle at S = 0 with the source energy Eq. Payne expresses this 

relation as an integro-differential equation where monoenergetic input ( 4 2 ) particles are assumedv . 3F(E,S)/3S = -/~P(E,t)F(E,S)dt +/"P(E + t,t)F(E + t,S)dt. 

P(E,t)dtdS is the probability that a proton with an energy E will loose 

an amount of energy between t and t+dt in traversing an absorber thick-

ness, dS. 
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Energy losses are often divided into three regions defined by 

the ratio E/Qj^ where (O k e V = (0.154Z/,s2a) ( S ) ^ ^ (for protons) and 

^max ~ • E
p
 a n d M Tefer to the incident proton and 

Z/A and S refer to the absorber. 

When S/Qjjjĵ  <1» large fluctuations in the energy losses are pos-

sible. It is in this region that the theories of Landau^0^ and 

Vavilov^^ apply. Even if these theories were applicable in the energy 

range of 50 to 150 keV, experimental measurements in gases would be 

difficult because extremely low gas pressures would be required to 

keep the ratio <1« Establishing and measuring the pressure 

with any precision would be difficult. 

The case of ^/Q^^ >5>1 is that of long pathlengths where a Gaussian 

distribution would be expected due to the many interactions taking 

place (central limit theorem). This is the domain discussed by Bohr 3̂®''. 

Experimentally, it is easy to achieve in t'.ie 50 to 150 keV energy 

range, and it is important to the understanding of the transfer of 

energy from the incident proton to the media because it is closely 

related to the problem of straggling at the end of the range of the 
. (41) protonv . 

When the absorber thickness is such that 5/Qma >1 but not >>1, 

F(E,S) is almost a Gaussian with the full width at half maximum 

small compared to the mean energy. The present experiment, with values 

of S/Q^x ranging from 3.7 to 15.4, was designed to fall into this 

intermediate region. In this case the distribution is best de-
f 4 3 4 4 ) 

scribed by the work of Symon* ' . The following discussion foJlows 

that of Payne and as a result will include only those parts of 

Symon's work that are in that paper. 



Symon describes the distribution F ( E , S ) in terms of its central 

moments, 

An(S) = J""(E-<E>)nF(E,S)dE 

with «•£> = J"~EF(E,S)dE. 

Rather than trying to construct the entire distribution from theory, 

these values can be obtained without difficulty from both the theory 

and the experimental data. One drawback is that, as n increases, 

the uncertainty in the A^ obtained from a measured distribution will 

increase as it involves regions of the data away from the peak that are 

obtained with lower precision. (See Fig. 1.) Because the beginning and 

end of the distribution cannot be measured with high precision, com-

parison with a theoretically derived distribution would not be any 

better. Payne shows that, for thin or very thick radiators, several A^ 

may be required to describe the distribution but, for energy losses on 

the order of 3% of E q , <E>, A2 and A3 should suffice. This experiment 

was designed so that every measurement gave a \% energy loss. 

An integro-differential equation for the An(S) can be established 

by differentiating the defining equation to relate subsequent moments, 

d V S ) d < E > - n ds ds 

Symon found that this could be written as 

V l C S ) • />-<£>)" dE. 

dAn(S) 
~dS = - n d<E> dS 

fS) 
n--

n 
+ Z 

L= 
/ MlCE) (E-<E>)n" 
0 

-F(E,S)dE, 
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Fig. 1. The products (E-<E>)2F(E,S) and (E-<E>)3F(E,S) as a function 
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where 

Mr = TT ? P(E,t) tL dt. L L I 0 

Thus, if the proper probability function can be found, the An(S) de-

scribing the distribution can be calculated. 

The first two An(S), with n = 0 and n = 1, can be calculated 

without any assumptions. 

A0(S) = j?(E-<E>)° F(E,S)dE = ?F(E,S)dE 

which can be set equal to unity as a normalization requirement. Simi-

larly 

A j C S ) = 7(E-<E>)F(E,S)dfc = £EF(E,S)dE-<E>?F(E,S)dE. 

If A (S) = 1 this becomes <E> - <E> = 0. o1- J 

Bohr assumed that the distribution was a Gaussian, sharply 

peaked at <E>, in which case the values for and the M^(E) could 

be easily found. This is equivalent to assuming that the average rate 

of energy loss is the same for all protons. Symon improved this approxi-

mation by using the first two terms of an expansion of the ML(E) 

around <E>, i.e., 
dM.(<E>) 

ML(E) £ MlC<E>) + (E-<E>) ^ < E > . 

As Payne points out, this allows a change in the width of F(E,S) with 

energy due to the fact that particles of different energies lose 

energy at different average rates. It also allows deviation from 

a Gaussian form. 

Since A q ( S ) = 1 and A j C S ) = 0 , 
OO 

= - / Ml CE) F(B,S) dE. 
o 

Using the approximate value of Mi(E) gives 
» dMj(<E>) 

dT"" " Ml(<E>^ f ?CE,S)dE d < E > / (E-<E>)F(E,S)dE = - Ml(<E>h 
o o 
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This same result is obtained with Bohr's assumption. The two moments 

of particular interest are A2(S) and A^CS). To find A2(S), 
dA2CS) d<E> 
"ds = " 2 A l C S- " 2 Ml( < E >) f CE-<E>) FCE,S)dE 

o 

dMj(<E>) « 
-2 d < £ > / (E-<E>)2 F(E,S)dE 

o 

~ dM2(<E>) » 
+ 2M2(<E>) f F(E,S) dE + 2 d < £ > — f (E-<E>) F(E,S)dE. 

So 
dA2(S) dMxC<E>) 
dS = 2M2(<E>) - 2 d < £ > A2(S) 

Similar operations, and the use of the value found for Mi(<E>), give 

dA3(S) dML(<E>) dM2(<E>) 
~ d s - = " 3 -TRET" a3 + 6 — ^ r A2 - 6M3C<E>). 

dML(<E>) 
When Bohr's assumption is used, the — ^ ^ — = 0. 

The first two equations can be solved simultaneously with the 

result, 

[MI(<E>)]2 2 < F > M2(E) 
A z ( S ) = [Mi (<E>QJ]2 A 2 ^ + 2 lMlC<E>)3 / ^ o ^ E j p dE. 

The terms A2C0) and <E>q refer to the initial proton beam and allow it 

to be non-monoenergetic. Measured values of A2(0) are small but not 

zero as they are equivalent to the energy resolution of the system. 

A similar solution of all three equations for A3fS) is difficult but 

an approximate solution, suitable for a numerical integration, is 
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[M!(<E>)]3 M3CE) dM2(E) A2(F) 
A 3 ( S ) = W F E T ) ] 3 A3C0) " 6[MlC<E>)]3 / p ^ l - ~dE -[MTEETF dF" 

o 

Experimentally, A3CO) is so small that it can be considered zero. 

To calculate A2(S) and A3(S) from these equations requires 

values for Mj, M2 and M3 which in turn requires the selection of a P(E,t). 

A convenient form is the classical scattering probability, given by Payne 

as 

PCE.t) - K/Et2 if < t < 

= 0 otherwise 

the constant K = ne^MNZ/m for protons. 

Using this P(E,t) gives 

Ml(E) m CgE) , 

w f_, KI ,4mE MI . 
M2CE) = 2E C M T - iiE3 > 

, M KI2 r,4mE 2 ,MI 2 and M3(E) = m - C^g-)]. 

To be completely rigorous, this form of P(E,t) is only valid for the 
4mE I2M 

case -jq— since it embodies the same assumptions as the stop-
ping power theories. CNote that with this P(E,t) the equation 
d*'E> 

• = -Mi(<E>) is the theoretical stopping power equation.) In this 

experiment, the ratio of the upper to lower limit on t ranged from 2.6 at 

50 keV to 200 at 150 keV, but this P(E,t) was used primarily due to the 

absence of any other form that could be readily integrated. Most of 

the theoretical papers cited used this form or modifications of it. 
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Livingston and Bethe used the first Born approximation to derive 

an equation for M2(E) that includes inner shell corrections^4*^ . 

k I Z 
M2(E) = 2irz2elfN [Z- + J In 

i 

where the parameters not already defined are: 

= average excitation energy of the Z^ electrons in the 

ith atomic orbit 

K^ = a parameter set equal to 4/3 for all orbits 

and Z' = Z- Z.Z2/Z. J J 

The sum over i is limited to orbits for which 2mV2>I^ (for a 50 keV 

proton, 2mV2 = 108 eV.), and the sum over j is over orbits where 

2mV2<I^. Values for can be estimated with a technique used 

by Sternheimer^6*-'. Sternheimer has also made some detailed calcu-

lations for M2(E) related to this equation^"'. 

Bethe's theory of stopping power corresponds to the as-

sumption that the velocity of the particle does not change direction 

as the particle traverses the potential. Single events involving 

large angle scattering (large momentum transfer) may not be correct-

ly described by this approximation. Because the majority of the inter-

actions that contribute to the energy loss are small angle scatters, the 

stopping power theory derived using the first Born approximation works 
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well. However, single interactions involving large momentum may con-

tribute large energy losses to the distribution. As shown in Fig. 1, the 

value of A2(S5, and even more so A3(S), depend upon the shape of the dis-

tribution away from the peak so that predictions of their values based 

upon the Born approximation may be unreliable. An interesting example 

of this problem is discussed by Kuyatt and Jorgensen in a paper describ-

ing measurements of cross sections for the production of secondary elec-
, , (63) trons by pTotons traversing hydrogen . 

Because of these limitations, neither the M?(E) derived by 

Livingston and Bethe nor the corrections of Rosenzweig, which depend 

on the same basic form, were used. The M^CE) ant* subsequent A^CS) 

were calculated using the classical scattering probability and equations 

given by Symon. A rectangular, numerical integration was used with the 

energy range divided into 10 eV increments. 

Additivity of Stopping Power 

Bragg and Kleeman first stated the rule for the additivity of 
f7") stopping cross sections in 1905v . Fano gives the additivity rule in 

the form of corrections to the electron density and the average ionization 
C29") 

potentialv . In that case, for a material containing a density N,. of 

elements with atomic number Z., the stopping power formula is used with 
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the replacements 

NZ = I N. Z., l 1 l 

Z N.Z. ln(I-) 
and ln(I) = -1 1 1 

NZ 

Additivity can also be cast in terms of the stopping cross 
r 491 

sections, as in the paper by Bourland and Powersv J. In this c?.se, 

for a hydrocarbon with a formula C H » e(CmHn) = me(C) + n£(H). If 

molecular binding is important, this form can be expanded to include 

the cross sections specific to each type of bond^48^. That is, 
eCC H ) = 2ne + 2aei • 4be2 + 6ce3 where e„ is the cross sec-m n' o * 3 o 
tion for the electrons in the hydrogen-carbon bond, and ej, e2, and e3 

are those for single, double and triple carbon-carbon bonds respec-

tivily. The quantities a, b and c denote the number of the various types 

of carbon bonds in the molecule. 

A final formulation of the additivity rule can be used when 

stopping power is given as ~ where p is the density of the m a t e r i a l . 

In this case, the stopping power of the compound C^H^ is given by adding 

the stopping powers for C and H in proportion to their weight fraction 

in the compound. 

I d E ( Cm*y = 12m 1 dE (C) + n dE(H). 
p dx 12m+n p" dx + 12m+n p dx 
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This form is convenient because all compounds with the same carbon-

hydrogen ratio will have the same stopping power. For example, in this 

experiment, ethene, propene and cyclopropane would all have the same 

values of stopping power in these units, if additivity holds. 



CHAPTER III 

APPARATUS AND PROCEDURES 

Introduction 

A proton energy-loss experiment is conceptually simple, re-

quiring three pieces of equipment: a source of protons, an experimental 

chamber to hold the material under study and a proton spectrometer. To 

measure energy losses of monoenergetic protons in gases adds several 

complications. First, most accelerators do not produce a monoenergetic 

proton beam. Second, some means of getting the protons into and out of 

the cell holding the gas must be devised. In this experiment, an electro-

static analyzer was used to select a narrow interval in the energy 

distribution of the protons produced by the accelerator. A differentially 

pumped gas cell held the gas under study and a second electrostatic 

analyzer, identical in design to that used to select the input energy, 

was used to measure the spectrum of the protons emerging from the cell. 

A photograph of the apparatus used Tor this experiment is given in 

Fig. 2, a simplified diagram of which is given in Fig. 3. 

A brief discussion of the accelerator will be followed by a 

discussion of the design and calibration of the electrostatic analyzers, 

a discussion of the gas cell, and a discussion of the alignment of the 

apparatus to the beam. Finally, the procedures used in obtaining the 

energy-loss distribution of the hydrocarbon gases will be described. 
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Fig. ,'!. Photograph of the Experimental Equipment. 
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Accelerator 

A Texas Nuclear model 9999 accelerator was the source of the 

protons used in this experiment. The accelerator was obtained primarily 

for use as a source of neutrons but, because the Texas Nuclear unit has 

a relatively sophisticated accelerating column with reasonably good ion 

optics, it was obtained with a mechanical gas valve (rather than a Pd 

leak) and an R.F. ion source so that a wide range of gases might be 

ionized and accelerated. 

None of the voltage supplies on the machine were regulated or 

highly filtered, since such refinements are not necessary for a machine 

used to produce neutrons. As a result, the beam energy fluctuated 

several keV. Large energy changes resulted when variations occurred in 

the input line voltage, such as during operation of the heating or air 

conditioning units associated with the accelerator facility. 

Considerable care was taken during the initial set up of the 

experimental apparatus to align it with the beam from the accelerator 

and once set up, the experimental alignment could not be changed easily. 

It was soon discovered that the position of the beam from the machine 

changed whenever maintenance work was required on the ion source which 

was necessary after about every 50 hours of operation. A set of electro-

static deflector plates and an adjustable bellows were installed in the 

beam line to ensure proper alignment of the beam relative to the equip-

ment regardless of the perturbation caused by ion source changes. 
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The interface between the accelerator and the remainder of the 

experiment was a stainless steel plate 4.75 cm in diameter by 3 mm thick 

with a number 50 hole (1.778 mm in diameter) in its center. This plate 

was mounted on a boron nitride disc to provide electrical insulation and 

good heat conduction. Beam current from the accelerator was measured 

from this target via a power supply that biased the target positive by 

100 V, to suppress secondary electrons. The flange upon which this tar-

get was mounted had water flowing through copper tubing coils on it for 

further cooling. 

Although designed to operate at 200 keV, the machine was not 

stable enough above 150 keV for use in this experiment. Maximum bea:ns 

produced by the machine ranged from about 200 uA. at 50 keV to 400 yA at 

150 keV. Most of this current was lost in the collimation and energy 

selection required. 

Electrostatic Analyzers 

Unless a high-resolution spectrometer is used to measure the 

proton spectrum, some technique is required to unfold the contribution 

of the spectrometer from the data. Conversely, the detector response 

may be folded into the theoretical distribution for comparisons, but 

this approach has less value when the theory is not well developed. 

Using semiconductor charged-particle detectors, resolutions on 

the order of several kilovolts appear possible for protons near 100 keV. 

Even this is too great for this experiment since the energy-loss distri-

butions measured have widths of this order of magnitude. Magnetic and 
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electrostatic analyzers can be built that possess high dispersion. The 

size and expense of magnets capable of providing adequate dispersion of 

protons with energies near 150 keV were considered excessive. Moreover, 

using a magnetic analyzer causes complications because it measures a 

momentum distribution that must be corrected to an energy distribution. 

These and a number of other factors, such as ease of design, led 

to the choice of elfctrostatic analyzers for thi; experiment. The final 

design was an analyzer that had a 90° sector of concentric, spherically 

cut pole pieces. Spherical pole pieces are more difficult to machine 

and align but give the analyzer two important characteristics. First, 

twice the dispersion is obtained for a given analyzer size than could be 

obtained from the more common analyzer with cylindrical pole pieces. 

Second, spherical pole pieces fccus the beam from a circular aperture 

into a spot rather than a line. This double focusing characteristic was 

especially useful because the beam must enter and exit the gas cell via 

apertures. The important characteristics of the analyzers are shown in 

Fig. 4. 

Design of the analyzers was based upon equations given by 

Siegbahn^65^ and resulted in an instrument that had a theoretical disper-

sion of just over 1000. The dimensions chosen were an inner radius of 

14.75 inches (37.5 cm) and an outer radius of 15 inches (58.1 cm) re-

sulting in a gap of 0.25 inches (6.4 mm). Size was dictated by the 

amount of space available for the experiment in the accelerator building 

and the requirement that the analyzer be capable of transmitting 500 keV 

protons with plus and minus 10 kV (or less) potentials applied to the 
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electrodes. The latter was a practical choice dictated by the commercial 

availability of stable high voltage supplies; few are available that can 

produce voltages that exceed 10 kV. This also decreased the problems 

that arise when insulators, cables and connectors must handle higher 

voltages. 

A height of 1.5 inches (3.8 cm) was chosen for the electrodes in 

order to minimize the edge effects of the electric field over the 0.25 

inch gap. The other dimensions of the analyzers were selected to be 

consistent with Barber's rule for a 90° sector device, that is, that the 

apex of the sector angle and the input and output apertures fall upon a 

straight line. Maximum dispersion occurs when the distance from the 

apex of the sector angle to the exit aperture is twice that from the 

apex to the entrance aperture. 

Ground planes mounted at the ends of the electrodes decreased 

fringing effects on the protons as they entered and exited the region 

between the electrodes. With this precaution, the electric field at 

the ends of the electrodes was essentially along the direction of 

travel of the protons. This field results in a small acceleration or 

deceleration of the protons as they enter or exit the region between the 

electrodes but, because of the symmetry of the system, opposite and 

equal effects occur. 

Two electrostatic analyzers were built, one to select the energy 

of the protons incident upon the gas cell (the input analyzer) and the 

other to measure the energy distribution of the protons emerging from 

the gas cell (the output analyzer). The electrodes of each and the 
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stainless steel boxes in which the electrodes were mounted were identical-

A flange, machined on the inside of the radius of the inner electrode, 

was mounted to the box via fluorothene insulators. (See Fig. 5.) The 

outer electrode was held in position by polyethylene insulators on the 

top and bottom of the electrodes that were held in place by aluminum 

plates fastened to the electrodes with nylon bolts. A series of 0.25 

inch holes bored through each electrode, the insulators and the aluminum 

tye plates accommodated close fitting fluorothene pegs that held the 

electrodes in alignment during assembly. These pins were removed before 

operation of the analyzer. Porcelain high voltage feed through insula-

tors transmitted the high voltage through the cover of the stainless 

steel box to the electrodes. In order to withstand atmospheric pressure, 

the box was built of heavy gauge material. As a result, the electrostatic 

analyzers weighed about 150 pounds apiece making alignment and instal-

lation difficult. Conversely, the weight assured that the analyzers 

would not move once aligned. 

The input and output apertures were located at the ends of beam 

tubing of the proper length. These tubes were different diameters for 

the two analyzers. The first analyzer had an input designed to be com-

patible with the beam piping of the accelerator while its output was 

designed to be compatible with the gas cell system. Conversely, the 

second analyzer had a large diameter input pipe since it connected to 

the gas cell system, but its output was small since it went to a Faraday 

cup. The large pipe sections also provided a means of attaching a gate 

valve, water-cooled baffle and 3 inch diffusion pump to each analyzer. 
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Fig. 5. Photograph of the inside of the Output Electrostatic Analyzer 
showing ground plane electrodes and normalizing electrode in the 
inverted cover. 
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These large sections held a chuck to hold an ion gauge and a fitting for 

a thermocouple gauge. A single 10 cfm fore pump was used for both 

analyzers. 

The input and exit apertures, coupled with the inherent dis-

persion of the analyzer, set the energy resolution. Number 60 holes 

(1.0016 mm in diameter) were chosen for the apertures resulting in an 

energy resolution of essentially 0.1% (50 eV at 50 keV and 150 eV at 150 

keV). Symmetric positive and negative high voltage supplies were used 

to decrease the maximum voltage required. The output voltage of the 

Fluke model 410B power supply chosen can be varied reproducibly in one 

volt increments from zero to ten kV. A one volt change on either elec-

trode corresponds to a 29 eV change in the energy of the charged particles 

that the analyzers will transmit. To be consistent with resolution of 

the analyzer at the energies measured, the electrode potential of the 

output analyzer was changed in 2 volt increments for measurements at 51 

keV, in 4 volt increments at 102 keV and in 6 volts increments at 153 

keV. A ten volt increment was used at 76.5 and 127.5 keV because the 

distribution of energy losses was not expected to vary enough as a 

function of energy to justify detailed measurements at all five energies. 

However, stopping power values were considered necessary at these points 

for a complete interpretation of the data. This technique also allowed 

data to be taken on a larger number of gases during the time available 

for the experiment. 
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Analyzer Calibrations 

Before the analyzers could be used, they had to be calibrated to 

determine how their performance compared with design. To do so requires 

a well-calibrated accelerator. Such a facility was found in the O.R.N.L. 

Thermonuclear Division; a 500 keV, 3 mA accelerator that served as part 

of the program of C. H. Barnett to measure the low energy charged parti-

cle cross sections required in thermonuclear research. The high voltage 

supply of this machine was regulated to one part in one hundred thou-

sand and the voltage divider had been accurately calibrated using p, 

gamma resonance reactions. 

The electrostatic analyzers were cross-calibrated to this ac-

celerator by measuring the transmission of protons with energies from 50 

to 200 keV as a function of the voltage applied to the analyzer elec-

trodes. Energy values used were those given by the digital voltmeter 

that read the accelerating potential. In order to measure transmission, 

the input aperture used with the electrostatic analyzers for this experi-

ment was part of a Faraday cup. A number 60 hole, centered in the 

bottom of the cup, transmitted the beam to the analyzer and formed the 

input aperture for the ion optics. At the output of the analyzer was a 

similar cup that had a number 60 hole to form the exit aperture of the 

analyzer. 

That part of the accelerator beam that passed through the input 

collimator but did not pass through the number 60 aperture was digitized 

by an ORTEC model 439 current digitizer and recorded on a scaler. A 

similar digitizer and scaler were used to record the charge transmitted 
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to the output cup. Both scalers were stepped when the normalizing 

charge reached 10~5 Coulombs (lO4 counts). 

A precision voltage divider and a digital voltmeter measured the 

voltage applied to the electrodes of the electrostatic analyzers to the 

nearest volt. Analyzer electrode potentials were varied in 2 volt incre-

ments. Data were reduced by dividing the value obtained for the trans-

mitted charge by the normalizing charge and by the value of the positive 

high voltage applied to the analyzer electrode. To be absolutely correct, 

the charge ratio obtained at each voltage should have been divided by 

the energy resolution associated with that setting. In an electrostatic 

analyzer, the resolution is a constant times the difference on the 

electrodes, which, for these measurements, was twice the positive voltage 

because the two electrodes were operated symmetrically positive and 

negative. 

The voltage corresponding to the centroid of the transmitted 

charge distribution was calculated from the expression 

£[Q .(V)/Q. (V)l vLXout^ 1 
V(E) = ? . 

I tQOUI(V)/VQin(V)] 

Three to five measurements were made at each accelerator setting and the 

centroid values obtained were averaged. These data are shown in Table 1. 

Initially, a least squares fit to a straight line was used to relate the 

data. Although the zero intercept obtained for one of the analyzers was 

somewhat large, the data for both analyzers was closely fit by a 
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TABLE 1 

SUMMARY OF ELECTROSTATIC ANALYZER CALIBRATION DATA 

Input Analyzer Output Analyzer 
Acceleration Potential Electrode Potential Electrode Potential 

(kV) Difference Difference 
(volts) (volts) 

SO 1803.0 ± 6.6 1743.2 ± 8.4 

75 2656.4 ± 5.0 2607.0 ± 5.2 

100 3514.8 ± 0.8 3477.8 ± 4.0 

125 4369.0 ± 4.6 4347.6 ± 8.8 

150 5222.0 ± 6.0 5217.2 ± 9.8 
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straight lir.e. The better analyzer had a zero intercept equivalent to a 

proton energy of about 50 eV and was chosen to measure the spectrum of 

the protons emerging from the gas cell. The poorer analyzer was used to 

select the energy of the. protons incident on the gas cell because its 

calibration could always be compared with the better analyzer by measure-

ments made with the gas cell evacuated. The energy v£ voltage slope 

obtained for each analyzer was close to the design value. No means 

/existed to evaluate the resolution since no knowledge of the energy 

spread of the protons produced by the accelerator was known. For reduc-

ing subsequent experimental data, a small nonlinearity in the response 

of the output analyzer was accommodated by fitting the calibration data 

with a cubic equation. As a test of the energy calibration of the 

accelerator, the gamma rays produced by resonance proton interactions 

with thick targets of fluorine and aluminum were measured as a function 

of accelerator potential using a 3 x 3 inch Nal (Tl) detector coupled to 

a multichannel analyzer. 

For thin targets, the cross section, a, for production of gamma-

rays at resonances in the p,y reaction is described by the Breit-Wigner 

formula, 

a(Er-E) - J° 
(E r -E ) 2 + ( r / 4 ) 2 

where o is the maximum cross section at the resonance, E is the reso-o r 
nance energy and r is a measure of the width of the resonance. The 

shape of the yield versus proton energy curve for a thick target has 

been discussed many p l a c e s ' . What results is essentially an 

integration of o(Er-E) over all values of E from zero to infinity. 
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Y = Atan-1[CEr-E)/(r/2)] + B. 

For the experimental data, the variable was accelerator potential and 

the data were fit to an equation of this form using an iterative least 

squares technique. Excellent fits and good values of Er were obtained. 

A typical set of data and fit are shown in Figure 6. The resonance 

energies measured (given in Table 2) were ir. close agreement with the 

published values thus corroborating the original calibration oi the 

energy scale of the acceleratorv . 

Gas Cell 

At energies above 1 MeV and in cases where mean energy loss 

rather than an energy loss distribution is desired, protons can enter 

and exit the gas cell via thin metallic foils. The energy lost by the 

protons in these foils can be determined, but the resulting statistical 

fluctuations in the energy loss would be difficult to extract from those 

produced in the gas. At the energies for which this experiment was 

designed, the energy loss fluctuations produced in the metal foils could 

completely mask the effects of the gas. Moreover, the foils would have 

to be extremely thin and thus undependable. To avoid these problems, 

the proton beam was allowed to enter and leave the gas cell via number 

70 holes (0.711 mm in diameter). 

Besides the gas cell, there were differential pumping sections 

on its input and output. These were all constructed of 4 inch diameter 

stainless steel pipe and were coupled with high vacuum flanges of the 
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TABLE 4 

Published and Measured Resonance Energies Used 
to Check the Calibration of the Accelerator Potential 

Published Resonance Energy Measured Resonance Energy 
Resonance Reaction CkeV) (keV) 

27AlCp.Y)28Si 325.6 ± 0.4 326.2 ± 0.1 
19F(p,ay)150 340.5 ± 0.3 339.3 ± 0.3 
19F(P,OIY)150 483.6 ± 0.3 483.2 ± 0.1 
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type that use a knife edge seal. To prevent corrosion by ethyne and 

propyne, specially made Teflon gaskets were used. 

The standard "T's" used for the differential pumping sections 

were modified by the installation in each of a chuck to hold an ionization 

gauge and a fitting to accommodate a thermocouple gauge. A stainless 

steel gate valve was mounted at the base of the T with a Teflon gasket. 

An adapter and a water-cooled baffle were mounted between the valve and 

a 4 inch diffusion pump. Each differential pumping section had a 10 cfm 

fore pump. This large pumping capacity was required to/ensure that the 

pressure in the differential sections would never be i. significant part 

of the pressure in the gas cell. Because the differential sections were 

each about the same length as the gas cell, an acceptable pressure was 

chosen to be 5 x 10-1+ of that in the gas cell so' that the total energy 

lost by the proton in traversing both differential pumping sections 

could never exceed 0.1% of that lost in the gas cell. 

The gas cell itself was a specially designed "T". It is shown 

in Figure 7. As originally designed, the distance the proton would have 

travelled in the gas cell was 30 cm. Shorter distances would have de-

creased the beam alignment problem but would have increased the gas 

pressure required for a given energy loss and resulted in higher pres-

sures in the differential section. Modifications in the initial design 

were required to improve the method used to align the gas cell to the 

proton beam that increased the length of the gas traversed by the proton 

to 31.39 ± 0.03 cm. The cell had two chucks mounted in it, one to 

connect the sensing head of the capacitance manometer used to measure 



Fig. 7. Photograph of the gas cell showing manometer head and its connections, 
thermometer probe and pressure regulating valve. Beam alignment sections arc 
also shown. 
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cell pressure, and the other to al^ow insertion of the resistance 

thermometer probe used to measure the gas temperature. A thorough 

discussion of how the performance of this type of manometer compared 

with a McLeod gauge was given by Toburea et al.^69^. As a result of 

their conclusions, the calibration provided with the instrument by the 

manufacturer was considered adequate. 

Gas entered the cell via a manifold consisting of 1/J inch 

stainless steel tubing. A two-section needle valve was used to control 

the gas flow. This valve could be isolated from the gas supply with a 

stainless steel shut-off valve. Gas came from the bottle to the shut-

off valve via a stainless steel pressure regulator and a Teflon tube A 

stainless steel valve at the regulator allowed a small vacuum pump to be 

used for evacuating the manifold. 

The base of the "T" of the gas cell was connected to a 4 inch 

stainless steel gate valve with a Teflon gasket. Below the valve was a 

special adapter and a water-cooled baffle. Two vacuus, coupling chucks 

were mounted on the adapter. One held a:a ionization gauge while the 

other provided a means of supplying a reference for the differential 

sensing head of the manometer. This section also had a fitting to hold 

a thermocouple gauge. Another adapter, below the water-cooled baffle, 

went to a 3 inch diffusion pump that was coupled to a 10 cfm fore pump. 

Since the gas-cell gate-valve was closed in normal operation, this was 

more pumping capacity than required, particularly the fore pump. On 

occasion this pump was used as a spare for the others on the system and 

a 2 cfm unit was used in its place. Every fore pump had a thermocouple 
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gauge on its input that was used as part of a system to protect the 

vacuum system in case of a failure of any of its components^^. High 

purity polyphenylether was used as the pump fluid in the diffusion pumps 

because of its low vapor pressure. 

As originally designed, there were two differential pumping 

sections on either side of the gas cell. Because this increased the 

distance the beam had to travel by almost 2 feet, a preliminary test was 

run to determine if these sections were actually needed. The same test 

was used to determine how large the gas cell inlet and exit apertures 

could be. Since the apertures on the electrostatic analyzers were set 

at a number 60 hole by ion optic considerations, it was not practical to 

have :.e gas cell apertures larger than that. The apertures could not 

all i more gas to leave the cell than the pumping systems of the differ-

ential sections could handle and keep the pressure below 5 x 10_it of 

that in the gas cell. To determine the proper aperture size, the gas 

cell and one differential section were assembled with blank flanges on 

the ends that were not common. Starting with a number 80 hole (0.343 mm 

diameter), the gas cell was pressurized with nitrogen in 1 Torr increments 

to S Torr while the pressure in the differential section was recorded. 

This was the maximum pressure that would ever be required in the gas 

cell so long as energy losses were not to exceed 10% of the initial 

energy. At all gas cell pressures, the pressure ratio was more than 

adequate. Since a larger aperture would transmit more current and 

simplify beam alignment, a number 70 (0.71 mm diameter) aperture was 

tried. The area of this aperture is over 4 times that of a number 80 
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aperture and about 1/2 that of the number 60 holes CI-016 mm in diameter) 

used with the analyzers. The resulting ratio of differential section to 

gas cell pressure was 5 y. 10_lt Torr for a gas cell pressure of 5 Torr 

so this larger aperture was chosen and only a single differential sec-

tion on either side of the gas cell was required. 

The apertures between each section were designed to serve as 

simple Faraday cups. They wers essentially cylinders with a 1/8 inch 

inner diameter at one end with a hole, drilled concentrically, the size 

of the desired aperture at the other end. These apertures were mounted 

on boron nitride insulators and centered in the flanges used to separate 

the sections of the apparatus. A vacuum feed-through mounted on each 

flange allowed electrical connections to be made. In each case, the 

flanges holding the cups were mounted firmly to the following section of 

the system so that the beam would always enter along the axis of a 

section. Mounted at the output of each of the 4 inch diameter sections 

was an adjustable flange system, diagramed in Figure 8, that had a two-

inch hole in it covered by a spool held down on a Teflon "0" ring by a 

brass retainer unit. The diameter of the inner hole of the spool was 

3/4 inches and the retainer was designed so that it could be placed 

anywhere over the two inch hole. A one inch threaded section, at the 

other end of the spool, allowed the input flange of the following section 

to be screwed on. Another Teflon "0" ring was used to seal this joint. 

Because the aperture for the input electrostatic analyzer had to 

be located at the focal point of the analyzer, a special aperture cup 

was designed that fit into the spool rather than on the following flange. 
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Fig. 8. Diagram of the special parts designed to allow alignment of 
the apparatus to the beam from the accelerator. 
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This cup had a stainless steel collimator over it with a number 50 

(1.775 mm diameter) hole. The cup itself was inside the collimator in a 

Teflon insulator designed to give a press fit into the spool. A number 

50 hole was chosen because its cross sectional area was approximately 

twice that nf the number 60 aperture that followed it. This same ratio 

holds for the successive numbeT 60 and number 70 apertures used. For an 

incident current uniformly distributed over this small area, one half of 

that coming through the collimator would be wiped off on the aperture/cup 

and half of that transmitted would be stopped by the following aperture/cup. 

Since the gas cell apertures were identical, beam divergence was relied 

upon to provide enough current on the output aperture. This was even 

more the case for the number 60 aperture at the input of the electro-

static analyzer following the gas cell. 

Gases 

Previous experimental work with pure gases has shown that little 

advantage and sometimes distinct disadvantage occurs when attempts are 

made to purify further the highest purity gas commercially available. 

The order in which the gases were measured was set by desires to measure 

possibly corrosive gases last (ethyne and propyne) and to change gas 

fittings as little as possible. For example, all of the gases that came 

in containers with lecture bottle fittings were measured first. The 

gases, their purities and the suppliers are given in Table 3. 



TABLE 3 

GASES, PURITIES AND SUPPLIERS 

Gas Purity Source 

Hydrogen CH2) 99.999% Matheson 

Methane (CH^ 99.97% Matheson 

Ethyne (HC:CH) 99.6% Matheson 

Ethene (CH2:CH2) 99.98% Matheson 

Ethane (CH3CH3) 99.96% Matheson 

Propyne CCH3C:CH) 96% Air Products and 
Chemicals 

Propadiene (CH2:C:CH2) 97% Linde 

Propene (CH3CH:CH2) 99.9% Lif-O-Gen 

Cyclopropane (CH2)3 99.9% Matheson 

Propane (CH3CH2CH3) 99.99% Matheson 
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Alignment of the Apparatus to the Accelerator Beam 

Transporting a beam of low energy protons over any distance is 

difficult due to beam dispersion that results from the mutual repulsion 

of the protons. This effect occurs at any energy J but at low energies, 

due to the lower velocities of the protons, the force of repulsion has a 

longer time to act and thus creates a greater effect. Coupled with the 

low beam current produced by the accelerator, this effect significantly 

decreased the amount of current transmitted through the many apertures 

of the system, especially at SO and 75 keV. In addition, even at good 

vacuums, considerable molecules remain to scatter or cause e.iergy losses 

from the protons. This problem is particularly severe for protons in 

this energy range because it is the region in which the energy loss is 

at a maximum. 

After the accelerator was adjusted so that the beam was emerging 

horizontally, the apparatus was aligned to the beam section by section 

starting with the input aperture for the input electrostatic analyzer. 

Adjustable bellows and electrostatic beam deflectors were used to center 

the beam exactly on the collimator opening. The Faraday cup that formed 

the input aperture for the input electrostatic analyzer was firmly 

mounted so that the aperture was concentric with the opening in the 

input collimator. Only small horizontal adjustments could be made on 

the short section of two-inch diameter piping that went between the 

flange holding the input collimator and the box for the analyzer. To 

ensure that the proton beam was properly entering the region between the 

electrodes of the analyzer, an adjustment was made using a beam of 50 



keV protons so that a minimum current was measured wiping off on the 

ground plane electrode. 

For the next step, a special jig, made of a piece of polyvinyl-

toluene with a small plastic scintillator attached, was placed in the 

adjustable spool at the output of the analyzer with an " " ring for the 

vacuum seal. This jig was designed to put the scintillator in the focal 

plane of the analyzer and it had a center marked on the plastic under 

the scintillator. After the system was properly evacuated, the electrode 

of the analyzer were set at the voltage required to transmit 51 keV 

protons and the accelerator high voltage was adjusted until a beam was 

observed on the plastic scintillator. The beam current was on the order 

of microamps so long exposures were avoided to prevent damage to the 

scintillator. A horizontal line was observed due to the wide variations 

in proton energy produced by the accelerator. Thus the position of the 

scintillator was adjusted only vertically until the observed line was 

centered on the scintillator. The horizontal position was chosen near 

center, consistent with the optics of the analyzer. The beam did not 

emerge from the analyzer exactly centered because of a slight misalign-

ment in the mounting of the electrodes relative to the enclosure and 

because of a misalignment that occurred during the welding of the 

flanges on the piping at the output of the analyzer. 

Once the scintillator had been used to find the approximate 

alignment, the system was brought to atmospheric pressure and the scintil 

lator replaced with the exit aperture/cup. The system was then reevalu-

ated with a test cup installed at the outlet opening of the aperture. A 
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fine adjustment of position was made to obtain a maximum in the transmit-

ted £1 keV beam. 

When this adjustment was completed, the first differential 

pumping section was installed and a similar procedure was used to align 

its output aperture (the gas cell input aperture). A smaller scintil-

lator jig was used in this case and the observed beam was a small spot 

so that precise alignment was possible. The approximate alignment was 

checked by replacing the scintillator jig with a piece of brass of the 

same geometry that had an axial number 70 hole covered with the test 

cup. 

Alignment of the outlet aperatures on the gas cell and the 

second differential pumping section was identical. The lowest 

proton energy used in the experiment was 51 keV and it was used for 

alignment as being the worst case situation. When the alignments were 

completed, the output electrostatic analyzer was placed in position. 

The weight of the analyzer made installation difficult. 

A small adjustment of the Faraday cup at the output of the 

second analyzer was also made to optimize the current transmitted. Any 

adjustment off center affects the energy calibration, but horizontal 

adjustments have an effect of about 50 eV per mm so care was taken to 

preserve horizontal centering. Even after the beam had traversed the 

entire apparatus, it was possible to make the initial alignment visually 

using a plastic scintillator. The maximum proton current at the output 

of the second electrostatic analyzer with the gas cell evacuated and the 

accelerator operating at 51 keV was on the order of 10~10 A, a small 

part of the approximately 10_lt A incident on the initial collimator. 
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Output current was measured with a vibrating reed electrometer 

chosen for stability end ease of operation. Data from the electrometer 

were digitized by 'applying the 30 volt output of the unit to an ORTEC 

Model 439 current digitizer via a 3 Mohm resistor. Using a range cn the 

digitizer that yields one pulse per 10 8 Coulombs of input charge gave 

a digitizing rate of 103 pulses per second for a full scale reading on 

the electrometer. A series of tests showed that the best signal avail-

able for normalizing the measurements for variations in accelerator 

output was the current ths.?. wiped off on a special electrode mounted 

between the input aperture and the electrodes of the output analyzer. 

The normalizing electrode is visible in the inverted top of the analyzer 

shown in Figure 5. Current wiping off on this electrode reflects both 

current and energy fluctuations in the beam. Normalization currents 

were also measured using a vibrating reed electrometer with digitized 

output. This electrometer was an older model with a maximum output of 

1.7 volts so the resistor to the current digitizer had to be 160 kohm to 

get the same digitizing rate. This resistance is about half that required 

to give a 0.1% error due to the finite input impedance of the digitizer. 

A series of calibrations run on both of the electrometers showed their 

response was not linear. Therefore, these data were fitted with cubic 

equations, one for each scale used. 

Cross Calibration of the Input Analyzer 

After aligning the apparatus for maximum transmission of 51 keV 

protons, the gas cell was evacuated and measurements were made at each 
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of the five energies to determine the voltages at which the input analyz-

er should be operated. Typical pressures during these runs were 5 x 10~6, 

10"6 and 10"7 Torr in the analyzers, the differential pumping sections 

and the gas cell, respectively. Data were recorded for 20 second intervals 

as determined by counting the output of a 1 MHz crystal oscillator. The 

current on the normalizing electrode and on the output cup of the 

output analyzer were recorded while the voltage applied to the electrodes 

of the output analyzer was changed in 2 volt increments. Elapsed time 

was also recorded. At least three consecutive measurements were made 

for each voltage setting of the output analyzer. 

Because the current digitizers could respond to only one input 

polarity and because the electrometers have some fluctuations and drift 

in their zero settings, the zero of the electrometers was set up-scale 

far enough that the input to the current digitizers would never reverse 

polarity. A measure of this offset, and any drift in it, was obtained 

by making measurements at the beginning and end of each run with the 

input analyzer voltage decreased by 400 V. 

Data reduction used a computer program that calculated the 

parameters of a straight line from the zero-offset data and then used 

these parameters to calculate zero offset values as a function of elapsed 

time to be subtracted from each data point. The charges corresponding 

to the net output and the normalizing data were calculated from the 

cubic equations developed during the calibration of the electrometers. 

Next, the ratio of output charge to normalizing charge was calculated. 

This value was divided by the positive voltage applied to the output 
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analyzer and a centroid of the data calculated. The calibration curve 

for the output analyzer was then used to calculate a corresponding 

proton energy. After calculating the values for each of the five input 

energies, the data were fit with a straight line. The slope obtained 

was used to interpolate from the voltage actually applied to the input 

analyzer to that required to transmit protons of precisely the desired 

energy to the gas cell. The precision of the voltage settings was 0.1 V 

for the voltages required to deflect 51 and 76.5 keV protons, but was 

limited by the available voltmeter to 1 V at 102, 127.5 and 153 keV. 

The worst case voltage resolution was 6 x 10~\ 

If both electrostatic analyzers have the same resolution, and if 

their transmission produces a Gaussian distribution, these data can be 

used to estimate the resolution of the analyzers. Several times the 

energy calibration data were also run through a program that calculated 

the second and third central moments of the distributions. A zero third 

moment indicates a symmetric distribution, probably a Gaussian, for 

which the second central moment is the square of the standard deviation 

of the distributions produced by the two analyzers in combination. As 

expected, the third moments were near zero. Estimates of single analyzer 

resolutions, obtained by assuming the resolutions were additive, were 

consistent with the design values. 

Preliminary Runs 

During the design of this experiment, considerable thought went 

into determining just what parameters should be kept constant. This was 
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particularly true with respect to the gas density. The choices were to 

take data using a fixed gas density, a gas density adjusted to give a 

constant energy loss from the protons or a gas density adjusted to give 

the same percent energy loss for each proton energy. P a y n e s h o w s 

that, for nonrelativistic protons, the mean energy and first two central 

moments are all that are required to describe the energy loss distribu-

tion for losses on the order of 3% of the initial energy. On this 

basis, the experiment was conducted with the gas density varied as a 

function of proton energy so that the protons would always lose 4% of 

their energy. To determine the required gas densities in each case re-

quired good values of the stopping powers. Such data were not always 

available in the literature, thus a preliminary measurement was made for 

each gas. 

The temperature of the gas in the cell could be measured tc 

0.1°C, but could not be controlled, but pressure could be measured in 

increments of 10"4 Torr and regulated to ±5 x 10-1* T. For the prelimi-

nary runs, an estimate of the energy loss for 50 keV prctans was obtained 

from the literature or from calculations. This value was then used zz 

calculate estimates of the ratio of pressure (in Terr) tc absolute tem-

perature necessary for a gas d e n s i t y to proauce energy losses 2, 3, 

4, 5, and 6 keV losses for 51, 76.5, 102, 127.5, *nd 153 fcsV protons 

respectively. The approximations used generally resulted in energy 

losses within 10% of the desired values. 

Before any series of runs, the gas cell gate valve was opened 

and, after a reasonable time had passed to ensuie the unknown and refer-

ence sides of the capacitance manometer head were at the same pressure, 
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the manometer was zeroed- After closing the gate valve, gas was bled 

into the system to a pressure of 0.1 to 0.3 Torr. The gas supply valve 

or. the cylinder was then closed and the system pumped down by the differ-

ential pumping sections via the number 70 apertures and, at the gas 

manifold, by a small (0.7 cfm) vacuum pump. When the manometer showed 

the gas cell was within less than 10~3 Torr of the reference, this 

purging process was repeated. After the second pumping, the temperature 

was measured, an appropriate pressure calculated and the gas cell adjusted 

to this pressure. 

With the input analyzer set at the appropriate voltage, the 

accelerator high voltage was adjusted until a maximum current was ob-

tained at the normalizing electrode. When the beam was traversing the 

system satisfactorily, the output analyzer voltages were adjusted to 

give maximum transmission in order to set the ranges for the electrometers. 

Then the output analyzer voltages were decreased until no transmission 

was observed, and the input analyzer potential was decreased by 400 V to 

make zero offset measurements. The data were recorded at 20 second 

intervals and included the normalizing current, the output current and 

the elapsed time. After obtaining the zero offset data, the input 

analyzer voltages were returned to their normal operating value and 

measurements were made by varying the output analyzer voltage in 10 volt 

increments. By using two separate sets of scalers to record the data, 

three measurements could be made at each setting in a minute. When the 

output analyzer voltages had been increased to the point where no more 

current was transmitted, the input analyzer potential was again decreased 

by 400 V to obtain zero offset values. 
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Temperature readings were made periodically, normally after each 

ten sets of readings, and the gas pressure adjusted accordingly. The 

voltages applied to the electrostatic analyzers were monitored using a 

precision voltage divider and a digital voltmeter. Full scale on this 

voltmeter was 1.4000 volts and, coupled with the divider, it could read 

voltages in 0.1 V increments to 1400.0 volts. This was adequate for 

measurements at 51 and 76.5 keV. At the higher energies, the voltage 

divider range was decreased by a factor of ten and measurements weie 

made in IV increments. To deflect 153 keV protons required about 2600 V 

from each supply (5200 V across the electrodes). Because of the quality 

of the high voltage supplies used to provide the electrostatic analyzer 

electrode potentials, variations during a run were less than 0.3 volt 

and could be corrected with a vernier control. Such a voltage change 

would correspond to an energy change of 17 eV. 

The same digital voltmeter was used to measure both the potentials 

on the electrostatic analyzer electrodes and the temperature. A switch-

ing arrangement also allowed the manometer output to be monitored. 

Performance and calibration of the digital voltmeter were tested using a 

precision potentiometer. 

These data were reduced using a computer program similar 

to that used for the energy calibration data. In this case, stopping 

power values were also calculated. Following the mcst common procedure, 

the stopping power was assigned to the energy corresponding to half o£ 

the energy loss. The initial energies chosen resulted in these values 

being within 10% of 50, 75, 100, 125 and ISO keV. This same program 
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calculated the parameters of a fourth degree polynomial from the data 

and interpolated to calculate the P/T values that should be used to 

obtain an exact 4% energy loss at the given energies. The stopping 

power data were also convenient for comparison with published values ro 

be sure that no significant errors had occurred in the data taking. 

Energy-Loss Distribution Measurements 

Once the energy calibrations and the proper gas densities were 

obtained, acquisition of data on the energy-loss distribution began. 

The initial procedures were the same as those used to obtain the prelim-

inary data, with two gas cell purges following the manometer zeroing. 

Data were taken with three consecutive measurenents at each voltage, 

beginning and ending with zero offset measurements, and each series of 

readings from 51 to 153 keV was repeated three times. Accelerator 

problems limited the amount of data taken with propane to six points for 

the energies above 50 keV. Thus, except for propane, there were 9 data 

points at each voltage taken in such a way to be sensitive to errors in 

experimental set up, voltage calibrations and gas cell density reproduc-

ibility. Detailed distributions were measured for 51, 102 and 153 keV 

protons, but only energy loss at 76.5 and 127.5 keV. Consistent with 

this and the resolution of the output analyzer, the electrode potentials 

were changed in 2 V increments at 51 keV, 4 at 102, 6 at 150 and 10 at 

76.S and 127.5 keV. 

The data were treated as nine individual sets by a program that 

calculated the distribution functions for each set, normalized them to a 
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unit sum and then calculated the mean energy and second and third central 

moments for each of the distributions. These data were accummulated and 

the means and standard deviations calculated. The error calculations 

included resonable estimates on the uncertainties in the energy values 

and excluded any of the points that fell outside limits described by 
(11 721 Chauvenet's criteria*- ' J. 



CHAPTER IV 

RESULTS 

Stopping Powers 

This experiment was not designed to measure stopping powers, but 

this information is readily calculated from the data obtained Tne data 

reduction program was designed to calculate the mean energy loss by 

performing the numerical integration /(EQ-E) F(E,S)dE. This is exactly 

equal to EQ-<E> but performing the integration in this manner allowed 

more significant figures to be used during the calculation. A somewhat 

smaller error propagation also resulted. 

Numerical integrations can be done with several degrees of 

sophistication. A Simpson's rule integration was not used because of 

the limited nvunber of points in the 75 keV data. Test integrations 

using trapezoidal and rectangular methods gave results that agreed 

within the uncertainties involved so the data were reduced using rec-

tangular integrations. Errors from this simple approach would be 

greatest at 75 keV, the data that had the fewest data points in the 

distribution, and smallest at 51 keV, which had the most. 

Although the experiment was designed to give 4% energy losses 

and preliminary runs were made to ensure this, the measured energy 

losses varied up to 5% from the expected values, with the majority of 

the data within 1%. 

To convert energy loss to stopping power requires a division by 

the density of the gas and the length of the gas cell. The physical 

length of the gas cell was 31.39 0.03 cm. However, an estimate of the 
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effect of the gas streaming through the aperture should be made. The 

first approximation is that the pressure everywhere outside the cell is 

that recorded in the differential pumping section; always small enough 

to be ignored. A better estimate would to be to use a procedure similar 

to that described by Toburen et al.^69^. They assumed molecular flow and 

an isotropic pressure distribution outside the gas cell and calculated 

the increase in the product of the pressure times the length of the 

cell. In this experiment, the normal approximation for molecular flow, 

that the aperture dimensions be small compared with the mean free path, 

only held for the pressures used at 51 keV. (At Si keV, L « 0.077 cm 

for all the hydrocarbon gases, decreasing to 0.022 cm at 153 keV.) A 

test calculation made using the above assumptions gave a net increase in 

the effective length of the cell of 0.14 cm (0.4%). A better estimate 

was made by assuming that the decrease in the pressure as a function of 

distance from the aperture could be described by the function 

* po C o s / . 

The gas cell pressure is PQ and the value 0.036 represents the radius of 

the aperture. This latter value results from an assumption that, at a 

distance equal to r on the axis of the aperture, the pressure is the 

same as in the gas cell. Some non-zero value of this type is required 

to evaluate n from the available pressure data. 

The fittings required for aligning the apparatus to the beam 

produced an asymetry in the distances from the gas cell apertures to the 

ion gauges in their respective differential pumping sections giving 11 
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cm on the input side and 17 cm on the output side. This geometry is 

illustrated m the cutaway, plan diagram shown m Fig. 9 As a result, 

the value of n could be computed for one side and used to calculate a 

pressure for the other side as a test of the hypothesis This was done 

for a number of gas cell pressures and gases and in every case the 

values obtained for n were near -1,4. 

Using this form gives the product of gas cell length times gas 

density as 

pi = [P. 1 + /Xl P(x) dx + S l z P(x) dx*J. 
0.036 0.036 

Upper limits li and 12 were chosen to be the lengths of the differential 

pumping sections, although the actual value was not too important because 

P(x) decreases quite rapidly. A diagram of the input and output apertures 

of the gas cell that shows calculated isobars in the differential pump-

ing sections is given in Fig. 10. The result was equivalent to an 

increase in the cell length of 0.16 cm. While this is only an increase 

of 0,5%, it was added to the measured length of the cell with the assump-

tion that each component of the increase was known with the same uncer-

tainty as the measurement. This gave 1 = 31.S5 +_ 0.05 cm so that 

pi = (5.059 +. 0.009) x 10_lt A £ where A is the molecular weight of the 

gas and the pressure to temperature ratio was that used to set the gas 

cell pressure. 

Another problem is to determine at what energy the measured 

stopping-power value applies. A common method is to assign the value to 
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Fig. 9. Cut away, plan diagram of the gas cell and the differential 
pumping sections showing assymetry of ion gauge locations. 
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Fig. 10. Diagram of gas cell apertures showing calculated pressure 
isobars in the differential pumping sections. Details of the aperture/ 
cups are also shown. 
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the average energy (E Q + <E>)/2. This is valid if the stopping pc-jer 

changes only a small amount over the energy region from Eq to <E>. 

Chilton, et al. describe a method for considering larger changes in the 

stopping p o w e r T e s t s usir.g this method with a function of the form 
A 

•̂ln (BE) gave unreasonable results, particularily at 75 keV. Since 

relatively small energy losses were involved in this experiment and cnly 

small variations in stopping power were involved over the entire range 

of the experiment, the simple technique is undoubtedly adequate. The 

resulting energy values were close to, but not exactly, the even values 

of 50, 75, 100, 175 and 150 keV. To get values at even energies, the 

data were fit with a quartic curve for interpolations. In no case was 

the interpolation large enough to change the value of stopping power. 

The values of stopping power obtained are shown in Table 4 with 

values calculated from the Bethe formula shown for comparison. The data 

are presented in units of 106 keV-cm2-gm~1 to facilitate comparisons and 

so that corrections to some standard condition for the gas would not be 

required. The ionization potentials used for the calculations, IH = (73") 

18.2 ev and Ic = 81.1 ev, were taken from a paper by Turner et al . 

As expected, the agreement is best at the highest energy. Excluding the 

values at 50 keV, the data range from about 10% below the theory to 

about 10% above it. 

The uncertainties shown include those calculated for the energy 

loss, a 0.2°C uncertainty in temperature measurements, a 0.1% manometer 

error and a 5 x 10"^ Torr uncertainty that was the limit in how closely 

the gas cell pressure could be regulated. This last factor contributes 
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TABLE 4 

MEASURED AND CALCULATED STOPPING POWER 

CIO6 keV-cm2-gm_1) 
Hydrogen Methane 

E Experiment Theory Experiment Theory 

50 4.21 ± 0.12 5.11 1.40 ± 0.04 1.60 
75 3.71 ± 0.16 4.18 1.37 ± 0.03 1.55 
100 3.23 ± 0.06 3.55 1.35 ± 0.03 1.42 
125 2.88 ± 0.09 3.09 1.28 ± 0.02 1.30 
150 2.57 ± 0.03 2.75 1.20 ± 0.02 1.19 

Ethyne Ethene Ethane 
E P Experiment Theory Experiment Theory Experiment Theory 

50 1.07 ± 0.02 0.79 1.16 ± 0.02 1.10 1.23 + 0.03 1.37 
75 1.05 ± 0.03 0.94 1.17 ± 0.04 1.18 1.26 + 0.04 1.38 
100 0.99 ± 0.02 0.93 1.10 ± 0.02 1.12 1.20 + 0.02 1.28 
125 0.93 ± 0.03 0.88 1.04 ± 0.03 1.04 1.13 + 0.03 1.18 
150 0.87 ± 0.02 0.83 0.96 ± 0.02 0.97 1.05 + 0.02 1.09 

Propyne Propadiene 
E P Experiment Theory Experiment Theory 

50 1.05 ± 0.04 0.90 1.01 ± 0.03 0.90 
75 1.05 ± 0.03 1.03 0.99 ± 0.04 1.03 
100 0.99 ± 0.02 1.00 0.97 ± 0.02 1.00 
125 0.93 ± 0.02 0.94 0.95 ± 0.04 0.94 
150 0.86 ± 0.02 0.88 0.89 ± 0.03 0.88 

Propene Cyclopropane Propane 
E P Experiment Theory Experiment Theory Experiment Theory 

50 1.10 ± 0.04 1.10 1.02 + 0.03 1.10 1.15 + 0.03 1.28 
75 1.06 ± 0.07 1.18 1.00 ± 0.05 1.18 1.18 + 0.05 1.31 
100 1.07 ± 0.02 1.12 0.99 ± 0.03 1.12 1.13 + 0.03 1.23 
125 1.01 ± 0.03 1.04 0.94 ± 0.04 1.04 1.08 + 0.04 1.14 
150 0.95 ± 0.02 0.97 0.90 ± 0.02 0.97 1.00 + 0.02 1.05 
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significantly for the heavier gases at 51 keV, becoming equal to the 

contribution from the energy-loss measurement. The larger uncertainties 

in the data at 75 at 125 keV reflect the larger energy increments used 

that resulted in less detail in the data. 

There are a number of reasons why the measured stopping power 

values do not agree with the values cs-lculated from theory. The limit 

to the Bom approximation at these low energies has already been discuss-

ed. It is interesting that agreement with theory is generally within 10% 

even at 50 keV and is substantially better at the higher energies. The 

measured values fall both below and above the theory. As a result, 

shell corrections would probably not improve the agreement because the 

necessary term is negative. 

As mentioned by Bichsel, when the proton energy is below 0.5 
f 741 MeV, charge exchange might play a significant role in energy loss . 

f 75") 

Weyl discusses this and estimates a contribution of about 8%'- '. A 

recent paper by Vol liner gives an estimate of the effect of charge ex-

change on energy loss fluctuations of 100 KeV protons in hydrogen^ . 
Some of the relevant cross sections can be found in a paper by Toburen 

f77) 

et a r .In hydrogen, the cross section for a 100 KeV proton to gain 

an electron is about 10"17 cm2 per molecule and, in the hydrocarbon 

gases, about 10"15 cm2 per molecule. The cross section for atomic 

hydrogen to be ionized is on the order of five times greater at this 

energy. The electron capture cross section is a strongly decreasing 

function of increasing energy while the electron loss cross section is 

fairly flat in the energy region encountered in the experiment. 

In a stopping power experiment, electron capture by the proton 

should decrease the measured energy loss because this results in the 
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proton traversing a portion of the gas cell with no charge. Therefore, 

compensation for this effect would not give the proper corrections for 

all of the data. Since the hydrogen atom thus formed would have about a 

five times greater probability of losing its electron, this effect acts 

over short path lengths and a proton that gains an electron and leaves 

the gas cell as a hydrogen atom cannot be measured. 

Nuclear collisions play an important part in the energy loss of 

very slowly moving p a r t i c l e s . However, these effects will be minimal 

in an experiment such as this that has a relatively thin absorber and 

measures only highly-collimated forward-going protons. This is shewn by 

estimates for experiments similar to this one given by Weyl^'^ and 

Phillips 

Differences due to molecular binding may also affect stopping 

powers. This will be discussed with respect to the data taken in this 

experiment in the section on Bragg additivity. 

Stopping Cross Sections 

Stopping cross sections can be calculated from the energy loss data 

by using the relation 

e = (3.282 +0.005) x 10~18 AE(keV)T/P. 

The results are shown in Table 5. Errors were calculated in the same 

way as for the stopping power data. These errors represent one standard 

deviation and are not percent as is often quoted for this type of data. 

In this form, these data may be compared with that of Reynolds 

et al.^46^, Park and Z i m m e r m a n , and Weyl^75^. With two exceptions, 
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TABLE S 

Measured Stopping Cross Sections in 

Units of 10"15 ev-cm2 Molecule"1 

E Hydrogen Methane Ethyne Ethene 

50 14 .1 ± 0 . 4 37 .4 ± 1 . 0 4 6 . 2 ± 0 . 9 54 .1 ± 1 .1 
75 12 .4 ± 0.S 36 .6 ± 0 . 9 4 5 . 6 ± 1 .5 5 4 . 3 ± 2 . 0 

100 1 0 . 8 ± 0 . 2 35 .9 ± 0 . 9 4 2 . 7 + 0 . 8 5 1 . 4 ± 1 . 0 
125 9 . 7 ± 0 . 3 34 .1 ± 0 . 5 4 0 . 2 ± 1 . 3 4 8 . 5 ± 1 . 3 
150 8 . 6 ± 0 . 1 32 .0 ± 0 . 4 3 7 . 4 ± 0 . 7 4 4 . 9 ± 0 . 9 

EP 
Ethane Propyne Propadiene Propene 

50 6 1 . 6 ± 1 . 3 69 .7 ± 2 .4 6 7 . 3 ± 1 . 7 76.8 ± 2 .7 
75 6 3 . 0 ± 2 . 0 69 .8 ± 2 . 3 65 .8 ± 2 . 3 74 .0 ± 4 . 9 

100 5 9 . 7 ± 1 . 2 6 5 . 6 ± 1 .5 64 .5 ± 1 . 2 7 5 . 0 I 1 . 6 
125 5 6 . 3 ± 1 .4 61 .7 ± 1 .7 63 .2 ± 2 . 8 7 0 . 9 ± 1 . 9 
150 5 2 . 6 ± 0 . 9 57 .4 ± 1 .1 5 9 . 3 + 2 . 1 6 6 . 6 ± 1 . 4 

S Cyclopropane Propane 

50 7 1 . 1 ± 2 . 4 84 .5 ± 2 . 2 
75 7 0 . 1 ± 3 . 5 86 .4 ± 3 . 5 

100 6 9 . 0 ± 2 . 4 8 3 . 0 ± 2 . 3 
125 6 5 . 7 ± 2 . 6 7 8 . 8 ± 2 . 6 
150 6 2 . 7 ± 1 . 4 7 2 . 9 ± l.C 
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the present data are consistently lower than previous data with peice'.r:-

age difference of 5 to 6%. Where given, the uncertainties in the 

values were s'-iriiar for each of the experiments. The exceptions are for 

hydrogen for vhich the differences are- closer to 8% and for cyclopropane 

where th^y are -sear 10%- No apparent reason exists for the differences. 

The gases used in this experiment were generally purer than those avail-

able for the previous experiments and better methods of measuring gas 

pressure and temperature were also available. No information is avail-

able about how monoenegetic the input beam was for the previous experi-

ments, and there is no way to compare resolutions of the proton spec-

trometers used tc measure the energy-loss distributions. If the asym-

metry in the distribution measured in this experiment had had an effect, 

it would be in the opposite direction. 

Central Moments of the Distributions of Energy Loss 

Some typical energy-less distributions (for ethane) are shewn m 

Figure 11. The distributions have unit area and the uncertainties shown 

represent the worst case. Second and third central moments of the 

stopping distributions were calculated from the data obtained at input 

proton energies of 51, 102 and 153 keV. These data are tabulated in 

Table 6, Large uncertainties occur in these values because the uncer-

tainties in the energy values compound rapidly when the energy is squared 

or cubed^80^. Without this contribution, the standard deviations in the 

A2 and A3 values would be on the order of 2% and 15% respectively (rather" 

than 10% and 80%). Except for ethyne, the A2 values exceed the theoreti-

cal values by 10 to 40%. When the Livingston and Bethe form of M2(E) is 
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TABLE 6 

MEASURED AND CALCULATED SECOND AND THIRD CENTRAL MOMENTS 

(keV2 and keV3 Respectively) 

GAS E A2 A 2 -A3 -A-3 
P Experiment Theory Experiment Theory 

Hydrogen 50 0.104 + 0.009 0.065 0.008 + 0.005 0.004 
100 0,255 + 0.021 0.180 0.026 + 0.020 0.020 
ISO 0.499 + 0.040 0.376 0.068 + 0.053 0.062 

Methane SO 0.128 + 0.010 0.104 0.012 + 0.007 0.006 
100 0.334 0.024 0.272 0.044 0.024 0.031 
150 0.589 + 0.041 0.515 0.110 • 0.055 0.086 

Ethyne 50 0.136 + 0.010 0.136 0.011 0.007 0.009 
100 0.331 r 0.1-33 0.319 0.040 + 0.034 0.037 
150 0.620 + 0.071 0.604 0.114 + 0.114 0.102 

Ethene 50 0.1.36 + 0.010 0.119 0.011 + 0.007 0.008 
100 0.345 0.033 0.296 0.044 + 0.035 0.034 
150 0.609 0.070 0.54-' 0.109 0.100 0.092 

Ethane 5u 0.154 0.010 0.113 0.014 + 0.008 0.007 
100 0.360 + 0.034 0.277 0.046 + 0.037 0.031 
150 0.701 + 0.072 0.573 0.137 + 0. Ill 0.096 

Propyne SQ 0.150 + 0.011 0.129 0.015 + 0.008 0.008 
100 0.367 + 0.034 0.313 0.060 + 0.037 0.036 
150 0.641 0.071 0.581 0.116 + 0.104 0.098 

Propadiene 50 C. 158 + 0.012 0.131 0.018 + 0.010 0.008 
100 0.361 + 0.027 0.306 0.049 + 0.030 0.036 
150 0.644 + 0.041 0.577 0.104 + 0.060 0.097 

Propene 50 0.156 f. 0.016 0.121 0.013 + 0.013 0.008 
100 0.387 + 0.039 0.295 0.057 + 0.044 0.034 
150 0.63S + 0.083 0.541 0.134 + 0.140 0.091 

Cyclopropane 50 0.178 + U. 012 0.123 0.023 + 0.009 0.008 
100 0.388 + 0.038 0.291 0.060 * 0.040 0.033 
150 0.680 > 0.073 0.541 0.134 ± 0.109 0.091 

Propane 50 0.161 + 0.013 0.113 0.015 + 0.010 0.007 Propane 
100 0.382 0.042 0.282 0.045 + 0.047 0.032 
ISO 0.678 + 0. 088 0.531 0.130 + 0.133 0.089 



used, the data are from 50% to 20% les? than the theory. The A3 values 

range from 10% to 250% times the theory. 

Aside from questions about the applicability of the theory in 

this case, some of the differences observed might be due to nuclear 

scattering and molecular binding effects. Charge exchange by the proton 

might increase the width of the distributions, and thus A2, but it 

should decrease the skew (A3) because protons that had travelled a 

portion of the gas cell without charge would have lost less energy and 

would appear on the high energy side of the distribution. The negative 

A3 values obtained indicate nonsymmetry towards the low energy side of 

the distribution. 

In the simplest approximation, the value of M 2 is a constant and 

the value of A2(S) is just 2M2S. Therefore, these data can be tested by 

dividing by S and seeing if the results are reasonably constant. In all 

cases, the values of A2/S obtained at 100 and 150 keV were the same for 

any gas. The ratio at 50 keV was smaller, indicating failure of this 

simple theory. Similarily, a simple form for A3(S) is proportional tc 

ES. When the measured values were divided by this factor, a constant 

value v^s found for each gas. This conclusion has to be tempered some-

what by the large uncertainties involved. 

Additivity of Stopping Cross Sections 

Of the several ways in which additivity of stopping can be ex-

pressed, the most useful for a discussion of the effect itself proves to 
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be in terras of the stopping cross sections. For practical problems, 

additivity of stopping powers is generally more useful. In the fol-

lowing the values of e measured in this experiment for hydrogen have 

been used. 

When stopping cross sections are used, additivity is written as 

e(C H j = meCC) + ne(H). Given e(H), e(C) can be found from the equation 
e(C H )-n£ [H) 

e ( « — 2 - S . m 
Values obtained from such a calculation are shown in Table 7. Dif-

ferences in the values calculated for eCC) apparently can be correlated 

with the type of bonds involved. This is shown more clearly in Figure 

12 which is a diagram of the e(C) data. The length of the lines repre-

sents a 99% confidence interval and the numbers represent the type of 

carbon bonds involved. A statistically significant difference between 

the stopping cross sections for triple, double and single carbon bonds 

a.t SO keV is shown. The uncertainties do not permit a concrete statement 

to be made at higher energies, but the trends remain the same. Values 

derived from cyclopropane are generally lower and may indicate poor 

data, although it might be related to the cyclic nature of the compound. 

This second possibility was alluded to by Williamson and Watt*-50^. The 

diagram also shows that propadiene, with two double bonds, gives t(C) 

values like those from ethene rather than like its isomer, propyne. 

Moreover, the value obtained from propyne, which has a single and a 

triple bond, falls between the values from ethyne, which has a triple 

bond, and ethane or propane, which have only single bonds. An analagous 

conclusion can be reached about the value from propene, which has a 

single and a double bend. 
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TABLE 7 

Carbon Stopping Cress Sections Calculated 
Assuming Bragg Additivity 

Methane-2H2 1/2 (Ethyne-H2) 1/2 (Ethene-2H2) 

50 9.2 ± 1.1 16.0 ± 0.5 13.0 ± 0.6 
75 11.8 s 1.1 16.6 ± 0.8 14.8 ± i.l 
100 14.3 ± 0.9 16.0 + 0.4 14.9 x 0.5 
125 14.7 ± 0.6 15.2 ± 0.7 14.6 x 0.7 
150 14.8 ± 0.4 14.4 ± 0.4 13.8 ± 0.5 

E 1/2 (Ethane-3H2) 1/3 (Propyne-2H2) 1/3 CPropadiene-2H2) 

50 9.6 ± 0.7 13.8 ± 0.8 13.0 ± 0.6 
75 12.9 2 1.1 15.0 ± 0.8 13.7 z 0.8 

100 13.6 ± 0.6 14.7 ± 0.5 14.3 ± 0.4 
125 13.6 ± 0.7 14.1 ± 0.6 14.6 ± 0.9 
150 13.4 + 0.5 13.4 ± 0.4 14.0 t 0.7 

E 1/3 (Propene-3H2) 1/3 (Cyclopropane-3H2) 1/3 (Propane-4H2) 

50 11.5 ± 0.9 9.6 ± 0.8 9.4 ± 0.8 
?5 12.3 ± 1.7 11.0 ± 1.2 12.3 - 1.2 

aOO 14.2 2 0.5 12.2 ± 0.8 13.3 ± 0.8 
125 13.9 ± 0.7 12.2 ± 0,9 13.3 ± 0.9 
150 13.6 ± 0.5 12.3 ± 0.5 12.8 ± 0.6 
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Using calculated stopping cross sections for hydrogen, -me: 

published values, changes the values obtained for e(C) but does not 

change the conclusions. In Figure 13 are values of e(C) calculated from 

the data of Park and Z i m m e r m a n w i t h hydrogen values from Reynolds et 

al. C46). Interpolations were used to get the points at 75 keV and at 

125 keV for the hydrogen value. These data show a statistically signifi-

cant difference between the values derived for triple or single bonded 

molecules at 50 keV. The uncertainties do not permit any other firm 

conclusions, but these data show the same trends as the data from this 

work, ijiduding having the values calculated from cyclopropane fall 

lower than those from propane. The values for the double bonded case are 

the most like the published values for carbon. 

The uncertainties in these values are large enough to discourage 

a more detailed analysis cf the type discussed by Jorgensen^48^. One 

other comparison was made that gave interesting results. Ratios of 

measured to calculated values were made for the stopping power and 

second and third central moments. For the ratios of stopping power it 

was found that ethane, cyclopropane and propane gave the same ratio, 

within statistical limits, always less then 1 for any energy. The 

ratios for ethene and propadiene also agreed but were significantly 

larger than those for the single bonded molecules and nearer to one. 

Values from ethyne were considerably larger than one. This is shown in 

Figure 14. Relatively small uncertainties result from taking weighted 

averages of the data for each type of binding. 
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Ratios of measured to theoretical second central moments are 

also shown in Figure 14. In this case, the single bonded molecules gave 

ratios as much as 40% greater than one while the ethyne ratios were all 

near one. The double bonded molecules fell in between as usual. As 

before, the uncertainties shown on the graph represent the 99% confidence 

interval. If the theoretical values calculated using the formula of 

Livingston and Bethe are used, the ratios of experimental A2 values to 

theoretical A2 values are all less than one but the same conclusions 

apply about the effects of carbon binding. Since the Livingston-Bethe 

theory includes shell corrections, apparently they are not the source of 

the variations found that correlate with the type of carbon bond. 

Ratios of measured to calculated values of the third central moment 

showed the same trends, but the uncertainties involved were too large to 

allow any definite conclusions. In every case., the ratios for methane 

were most like the double bonded values, propyne fell midway between the 

single and triple bonded values and propene fell midway between the 

single and double bonded values. 

Another way of considering the effect of chemical binding on 

stopping cross sections would be to use the data to calculate values of 

the average ionization potential, I, of carbon. Values obtained from 

simple calculations of this sort must also include any shell effects. 

When this was done with the values for 100, 125 and 150 keV for the 

present data, different values of I were found for carbon in single, 

double and triple bonds, but the differences were not outside a 99% 

confidence interval. 



81 

Reasons why stopping power is related to the type of molecular 

bond have been discussed by Bothe^52^, B r a n d t a n d Platzman^81^. No 

serious attempt will be made here to give a reasons for these findings. 

Intuitively, they do not seem unreasonable since triple bonds are usually-

less stable than simpler bonds. Instability could mean that the electrons 

are more free to interact with a passing proton thus giving a higher 

cross section. Conversely, tighter bonding might require more interac-

tions to produce a given energy loss resulting in the increase in the 

width and skew of the distributions observed. Certainly the available 

theoretical descriptions are not sufficient to explain experiments of 

this type. 



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Stopping Powers and Stopping Cross Sections 

Although measurements of stopping powers or stopping cross 

sections were not the primary reason for this experiment, reasonable 

agreement with theory and published values is necessary to improve 

confidence in the experiment. 

The data acquired during this experiment are consistently 5-6% 

lower than previous published data. For the most part, they agree well 

with values calculated from Bethe's theoretical formula for stopping 

powers, the agreement improving with increasing energy, as it should in 

the first Born approximation. In fact, the agreement with experiment is 

much better than the approximations involved in the theory would seem to 

permit. Two of the data sets may be suspect, those for hydrogen and 

cyclopropane. The most probable source of error would be contamination 

of the gas. For hydrogen, which was the purest gas used, there is 

almost no contaminant that would not result in an increase in the mea-

sured values. This is not consistent with the results obtained. Air 

contamination or some other impurity in the gas might account for the 

cyclopropane data, although the data compare about as well with the 

theory as do the other compounds that have only single carbon bonds. 

Maintaining gas purity was the most difficult for the heaviest gases and 

for the runs made with 50 keV protons because these required the lowest 

gas cell pressures. However, no consistent variations from the other 

82 
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worker's data or theory were found for these data. Because the data of 

Park and Zimmerman also show similar deviations with cyclopropane, some 

effect related to the cyclic nature of this compound may be occurring. 

It is also worth noting that agreement between this experiment and Park 

and Zimmerman was generally best at 50 keV. 

Energy-Loss Distributions 

The most obvious conclusion reached from the measurements of the 

energy loss distributions was that the available theories do not do a 

good job of describing the data. Rather large uncertainties must always 

be involved in the determination of the higher moments of the distribution 

which may make comparisons between experiment and theory difficult or 

meaningless. However, the internal consistency of the data was good 

even when compared with the simplest possible theory. It is clear that 

the values of the central moments calculated using the classical scatter-

ing probability gave better agreement with the data than the values 

calculated from assumptions relying upon the first Bom approximation. 

Limitations on the applicability of the first Bom approximation to 

large scattering angles may be the major problem. Sowe success at 

describing cross sections for secondary electron production in gases by 

protons has been made using classical binary encounter theory^82^. 

Perhaps a theory of distribution of energy loss based on this theory 

would be more successful in describing the results of this experiment. 
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Additivity cf Stopping Cross Sections 

Some of the most interesting results of this experiment were 

those related to the additivity of stopping cross sections. The results 

of this experiment show statistically significant differences for 

compounds with different types of carbon bonding at 50 keV. Although 

the uncertainties in the data prevent positive conclusions at the other 

energies, the trends of the data are consistent with an effect, due to 

bonding up to ISO keV. There is also a possibility that the cyclic 

nature of cyclopropane may produce a variation, but the uncertainties 

prohibit any positive conclusions. 

Variations with bond types were found in the stopping power and 

stopping cross-section data, regardless of whether the standard of com-

parison was experimental or theoretical. Correlated variations also 

occurred in the comparisons of the second and third central moments of 

the distribution with theory. 

Recommendations 

Because the assumed additivity of stopping powers is a useful 

tool for neutron dosimetry, more stopping cross section measurements 

should be made to include all of the elements of tissue. Other gases 

that should be run are oxygen and nitrogen, the oxides of nitrogen and 

carbon, ammonia, cyanogen and possibly water vapor. Considerable 

experimental and safety problems would be associated with some of these 

gases. More data on hydrocarbon gases and vapors would also be useful. 

There are several gases available that have more carbon bonds per molecule, 
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such as butadiene and butane, and many heavier hydrocarbons have suffi-

cient vapor pressure to allow measurements. Without modifications, the 

present system could not be used for such measurements due to the lew 

gas pressures that would be involved. It would be particularly in-

teresting to make careful measurements to see if there are variations to 

make careful measurements to see if there are variations in stopping 

powers in cyclic compounds. Questions left unanswered by the size of 

the uncertainties in the present data might be resolved by repeating 

some of the measurements. The maximum information would probably be 

obtained by limiting the gases to hydrogen, ethyne, ethene, ethane, 

propadiene, cyclopropane and propane and limiting the proton energies to 

the range between 50 and 100 keV. Measurements at 40 keV would be 

useful and might also be possible. 

The existing apparatus could be used for variations on this 

experiment. For example, to measure energy loss distributions ss a 

function of S to see if the theory correctly predicts dAn/dS. Experi-

ments might also be run with the gas density in the cell adjusted to 

give constant A^ values for each energy measured. For the measurements 

of the distribution of energy losses, comparison with theory might be 

simplified by taking data on the noble gases. 

Modifications of the apparatus would allow measurements with as 

much as a factor of ten improvement in energy resolution. Coupled with 

gas pressures low enough to produce only single collision events, this 

might allow measurements of characteristic energy losses in gases. Such 
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measurements have never been made. Other modifications in the apparat 

would allow energy-loss distributions to be made for angles other than 

zero degrees or allow data to be taken in such a way that information 

about the charge state of the proton is maintained as it crosses the g 

cell. 

Like most experiments, this one answered several questions, bu 

in the process, raised others. Despite the many years of effort that 

have gone into stopping-power measurements, it is still a fertile fiel 

for useful, meaningful and interesting research, even at these lew 

energies. 
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