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Detailed measurements of energy-loss distri-
butinns were made for 51, 102 and 153 keV protons
traversing hydrogen, methane, ethyne, ethene, erh-
ane, propyne, propadiene, propene, cyclopropane
and propane. Less detailed measurements were made
at 76.5 and 127.5 keV. To simplify comparison
with theory, all of the measurements were made at
a gas density that gave a 4% energy loss. The
mean energy, second central moment (a measure of
the width of the distribution) and the third cen-
tral moment (a measure of the skew) were calcu-
lated from the measured distributions. Stopping
power values, calculated using the mean energy,
agreed with the predictions of the theory by Bethe.
For the second and third central moments, the best
agreement between measurement and theory was ob-
tained when the classical scattering probability
was Lsed for the calculations; t.t the agreement
was not good. In all cases, var.ations were found
in the data that cculd be correlated to the type
of carbon binding in the molecule,

Introduction

The energy lost by charged particles as they
traverse matter was first studied in the antiquity
of the nuclear age. Within a few years of the
discovery of natural radioactivity by Becquerel
{1896), Bragg had made alpha-range measursments
and Rutherford had made energy-loss measurements.

By 1913, Bohr™ had published a theoretical explan-
ation of the energy lcss of charged particles
passing tiarough matter. Two other important
phenomena were also studied quite early. In 1905,

Bragg and Kleeman2 noted that the stopping power
of a molecule was apparently the sum of the stopping
powers of its constituent atoms, and by 1910

-~ 3 - . 13 Y o . .
Geiger™ had made quantitative measurements of the Eﬁﬁﬁﬁﬁ;gﬁﬁ;g;:j;&z:
increase in the width of the energy distribution Frocess dacdoted, ar sepreemn i o et
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of alpha particles that had traversed a stopping
medium, an effect noted by Rutherford in his early
work.

This paper describes measurements of proton L. .
energy-loss distributicens in hydrecarbon gases at o
encrgics below 200 keV. Although Park and Py

Schowengerdt4 described an exccllent facility for
such measurcments in 1969, their subsequent work
ha= been devoted to cross scction measurements
rather than the type of energy-loss measurements
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butions were made for 51, 102 and 153 keV protons
traversing hydrogen, methane, ethyne. ethene, eth-
ane, propyne, propadiene, propene, cyclopropane
and propane. Less detailed measurements were made
at 76.5 and 127.5 keV. To simplify comparison
with theory, all of the measurements were made at
a gas density that gave a 4% energy loss. The
mean energy, second central moment (a measure of
the width of the distribution) and the third cen-
tral moment (a measure of the skew) were calcu-
lated from the measured distributions. Stopping
power values, calculated using the mean energy,
agreed with the predictions of the theory by Bethe.
For the second and third central moments, the best
agreement between measurement and theory was ob-
tained when the classical scattering probability
was 1sed for the calculations; but the agreement
was not good. 1In all cases, variations wers found
in the data that could be correlated to the type
of carbon binding in the molecule.

Introduction

The energy lost by charged particles as they
traverse matter was first studied in the antiguity
of the nuclear age. Within a few years of the
discovery of natural radicactivity by kecquerel
(1896), Bragg i.nd made alpha-range measurements
and Rutherford had made ecnergy-loss measurements.

By 1913, Bohr1 had published a theoretical explan-
ation of thes epergy loss of charged particles
passing through matter. ‘Two other important
phenomena were also studied quite cariy. In 1905,

2 . .
Bragz and Kleeman  noted that the stopping power
of a molecule was apparcntly the sum of the stopping
powers of its constituent atoms, and by 1910

Geigcr3 had made quantitative measurenmenits of the
increase in the width of the energy distribution
of alpha particles that had traversed & stopping
medium, an effect noted by Rutherferd in his early
work.,

This paper describes m2asurcments of proton
ecnergy-loss distributions in hydrocarbon gases at
eacrgics below 200 keV. Although Park and

Schowengerdt4 described an excellont facility for
such measurements in 1969, their subscequent vork
ha< been devoted te cross scction measurenents
rather than tie type of cnergy-loss measurcuents
described in this paper. Scveral workers have
rmeasured proton stopping cross sections in this

cneriy rcgion.s'ﬁ'/ One aspect of these data is
that chemical bonding scems to affeet stopping
cross sections in molecules when the incident
protons have enerpgies below 150 heV. Comparable
studies of Bragg-Kleeman additivity for alpha

*fiencarch spoasored by the Ensrgy Research and
Developasnt Adsinistration under contract with
Unio Carbide tovporation.

OO

n 3ot wae goepaend g D ot of sy
Wehaad B4 N4 L adel Wats fawmamars Wb
Ebe 1 mfnd Siates mes e §oageed tratey ¥ azryy
Rewmteh ond dwerloporgar AAMUrAtatrh o0 gy F
A0 IR ree 485 A Cw gme taters
TSI bt W ey gl s maker  aan
WHISKIS. YAIT® of ApBNd. a1 ewnewe axs angat
Eetltp ot erapetnbiity o e BB yan o
IO DA pd W af $HT ol b, adpetate Mot o
PPt dmebranld. w2 MpsewEn gt g o wratl ees
wInogr ervatsty swind rghe

L




RGY LOSS ARD ADDVTIVITY OF ERERGY LOSLLS
HYDROGEN AXD NINE HYDROGEXN GASES”

f{l Thorngate

M. s
’Lyqlcs Division

?\4.,,4 ‘{\

iLf‘

ional Laboratory
“Tennessce 37830

particle stopping cross sections have been nade by
8 .
Bourland and Powers and more recently by Lodhi and

Powcrs.g The present cxperirent was designed to re-
peat sume of the existing proton measurements, to
extend them to other giuses and 10 moasure cnergy -
distributions rather than just sean eaergy IOsscu.
Detailed energy-loss distributions were made at 50,
100 and 150 keV and less detailed measurerments were
made ot 75 and 135 keV. The gases studied were
hydrogen, ethyne {acctylene), ecthene (cthylene),
ethane, propyne (methy! acetylene) propadiene {allene),
propene (propylene), cyclopropane and propane.
Theory

As previously mentionad, Bohr2 had published
"Op the Theory of the Decrease of Velocity of Moving
Elecerifi»d Particles on Passing through Matter® in
1913, His results were largely corroborated by the
quantun wmechanical derivation published in 1930 by

Gethe.lo If the incident particle is non-relativis-
tic and if shell effects are neglocted, the theoretical
cxpression for the energy lost per unit path length is

dﬂ " nzcézx
T dx va

2 2
In ?v 3

where = i3 the charge and v is the velocity of the
incident particle, Z is the atomic nusber and N is the
atomic density of the stoppir: medium and m is the nass
of the slectron. The pavameter [ is the wean excitation
encrgy of the stopping mediwa and is defined by

Inle= i fnln{ﬁn-ﬁo}

wheve B is the energy for excitation of the stopping
mediyn Ents the state n and the £ are the associated
dipole escillator strengths. vailles for I are wsually

deternined from experimental data.li & useful dis-
cussion of the theories involved in the calculation of
the stopping power of heavy chorged particles in mat-

ter has baen published by Turner.iz

Considerable effort has been expended to develop
a theoretical description of the distributions of the
energy losses that a heavy particle undergoes as it
siows duwn. The pranea is often dcfined by how much
of the ipitial e - i8. lost D 2ie traverses




Powers.” The present cxperiment was designed to re-
peat some of the existing proton measuyrements, to
extend then to other gases and to measure energy-loss
distributions rather than just mean energy losses.
Detailed energy-loss distributions were made at 50,

100 and 150 keV and less detailed measurcments were
made at 75 and 135 keV. The pases studied were
hydrogen, ethyne (acetylene), ethene (cthylene),
cthane, propyne (methyl acctylene) propadicne (allene),
propene (propylene), cyclopropanz and propane.

Theory

As previously mentioned, Bahr1 had published
“Gn the Theory of the Decrease of Velocity of Moving
Elpcrrified Particles on Passing Through Matter® in
1913, His results were largely corroborated by the
quantws mechanicai derivotion published in 1930 by

Bcthe.m If the incident particle is non-relativis-
tic and if shell ¢ffects are neglected, the theoretical
expression for the energy lcst per unit path length is

_deamelelay 2
dx mvz 1

where ¢ is the charge and v is the velocity of the
incident particie, 2 is the atomic number and N is the
atomic density of the stopping medium and o is the mass
of the electron. The parameter I is the mean excitation
energy of the stopping medium and is defined by

In I = 2 fnln(hn»ho)

where £ _-E_ is the energy for cxcitation of the stopping
nediun Pnt8 the state n and the fn are the associated
dipole oscillator strengths. Values for I are usually

determined fram experimental datn.ll A useful dis-
cussion of the theories involved in the calculation of
the stopping power of heavy charged particies in mat-

ter has been published by Turncr.iz

Considerable cffort has been expended to develop
a theovetical description of the distributions of the
energy losses that a heavy particle undergoes as it
slows down. The problem is often defined by how much
of the initial energy is lost as the particle traverses
the medium. If the sbaorber is so thin that the
epergy of the particle can be considered unchanged,
the process is well described, for pﬁrtlcicq abhave

10 MoV, by theories developed by Landaw’ ’3 and
’aviluv%1 For larze energy losses, the first theory
was published by ﬁohr}s in 1915 with more vecent con-

tributions by Tschalﬁrlé and Puyne.17



W Ll et

A useful theory for the intermediate energy-
loss rcgion, applicable to results from this ex-

periment, was developed by Symon.ls'19 Payne17 sum-

marizes this theory in his work on thick absorbers
and the following presentation will be based on this
exposition.

The cnergy-loss distribution is generally
denoted as F(E,S), where F(E,S)dE is the fraction
of particles with cnergies between [ and E+dE after
a path lengthk, S, has been traversed in the stopping
medium, Symon describes F{E,8) in terms of its
centrial moments,

= SOrE-<EY IR S)dE
An(S) = fo(L--k>) F(E,S)dE

where <E> = meF(E,S)dE. These moments may be calcu-
lated easily ?rom both theory and experiment. Ac-
cording to Payne, several An are required to de-

scribe the distribution for very thin or very thick
absorbers, but <BE>, Az and AS should suffice when

the cnergy iosses are on the order of 3% of the
initial cnergy, Eo. This cxperiment was designed

50 that all of the measurements involved a 4%
energy loss.

Subsequent mowments may be related by differ-
entirting the defining equation, which results in

aa (8) _ w
n . d<E> . PP IF{E,S) .
- —J5— F -n "ag—-ﬂn_l {s) + IO (E <L-P ¢~—5§—*~dt.

Symon found this could be written as

fﬁﬁff?: - S<E> (s) +
ds ds n-1
n L

n-L

Eonil-l) ;oM () (BB VUR(E,S)IE

i

M, = f: P(E,t) t dr .

LoLY
Thus, if the proper probability function, P(E,t),
can be found, the An(S) can be calculated.

AQ(S) and AI[S) can be ealeulated directly
fram the defining equation. For AO(SJ the resulrs
are

A(S) = IO F(E,S)dE

This can be sot ecqual to unity as & norvaal-
dzation requirement. Whea this is done A](S) = 0.

In his work, Bobr assumed that the Jdistribo-
tion was g Gausstian, sparply peaked ab <E>, which
is equavatent to r that the average rate of

= AT ON et ¥y e
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An[S) = IO(L~~E>) F(E,S)dE

where <E> = meF(E,S)dE. These momerts may be calcu-
lated easily $rom both theory and e:.periment. Ac-
cording to Payne, several An are required to de-

scribe the di:ctribution for very thin or very thick
absorbers, but <E>, 22 and A3 should suffice when

the energy losses are on the srder of 3% of the
initial energy, Eo. This experiment was designed

so that all of the measurcments involved a 4%
energy loss. :

Subsequent momuents may be related by differ-
entisrting the defining ecuation, which results in

dA (S) W
n'>’ A<E> . w - DHIFE,S)
5= S o)+ S ] W2 L,

Symon found this could be written as

4, (S)_ | dse>

ds ds

AD_I(S] +

L nl(-1) o APPSR (5 R .
1 (e Jo M (B (E-<EX)TUR(E,S)E

where

1 I: P(E,t) t”dt .

LoEY
Thus, if the proper probability function, P(E,t),
can be found, the A“(S) can be calculated.

t

AO(S) and A,(S) can be calculated directly

from the defining equation. For AO[S) the results
are

AL(S) = 1 F(E,S)di

This can be set equal to unity as a normal-
ization requirenment. When this is done AJ(S) = 0,

In his wory, Bohr cussumed that the distribu-
tion was a Caussian, sharply peaked at <BE>, vhich
is cquivalent te assuming that the average rate of
cnerey toss is the same for all protons. This im-
plics that the Ml(ﬁ) are constants.  Symon improved

this approximation by esing the fivst two terms of
an expansion of the Mi(E) around <E>, i.c,,

4 - s (SES)
MO(EY o M (<E2) % (B-SER) LT
L o : d3E>
As Payne points out, this allows o change in the
wigdtin of the F(,S) with enuerpy Jdue to the foct
that pureicles of different energies lose o

at e ar puernes ratea, [ oalao allous deviar

iy eer,

'
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P d <> _ @ o . -
_ S -fo MIV(E) F(E,S) dE

For this experiment, only <E>, Az and A3 need

to be calculated. Using the approximate value of M1 (E)

gives

d<E> - - —

a5 Ml\.- (<E>)

dAZ(S) dM :(<E>) B

o = ZMZ(<E>) -2 —~—<B AZ (S) , and

dA4(S) aM,” (<E>) M, (<E>) y -
as = -3 WAS + 6 3B Az - 6.’3‘<E>} -

To evaluate these equations requires values for
Ml' M2 and M3 which in turn requires the selection of

a P(E,t). A convenient form is the classical scatter-
ing probability, given by Payne as

) 2 .. 4nE 1.
P(E,t) = K/Et® if = <t< o=

= 0 otherwise.

The constant X = ﬂe4MNZ/m for protons .here M is the
mass of the proton and the other terms have the same
meaning as in the stopping power theory. Using th's
probability function gives the Bethe formula for
d<E>/dS which in turn can be used to integrate equations
for Ay and As.
Additivity of stopping powers can be expressed
in several ways with the choice for a particular appli-
cation depending on what form the data are in and the
end use of the results. It proved most useful to use
stopping cross sections in this experiment. Stopping
cross sections are expressed in units of

1S

eV-cm?-molecule } x 1075 and are related to dE/dx by

1 dE

€N &

Additivity is applied by calculating the stopping cross
section for the compound AmBn from the equation

E(AmBn];= me (A) + ne(B) ,

Apparatus and Procedures

A pagton energy-loss experiment is conceptually =—
simple, requiring three pieces of equipment: a source
of protons, a chamber to hold the material under study,
and a proton spectrometer. To measure energy losses
of monoenergetic protons in gases adds several compli-
cations. First, simple accelerators, such as that
available for this experiment, do not produce a mono-
energetic proton beam. Second, some means must be de-
vised to get the protons into and out of the cell
holding the gas. In this experiment, an electro-

Static analyzer was used to select a marrow inteival
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To evaluate these equations requires values for
Ml' Mz and M3 which in turn requires the selection of

a P(E,t). A convenient form is the classical scatter-
ing probability, given by Payne as
2

o vypel :o 4mE IM.
P(E,t) = K/Et” if T StS amE

= 0 otherwise.

The constant K = ﬂedMNZ/m for protons vhere M is the
mass of the proton and the other terms have the same
meaning as in the stopping power theory. Using this
probability function gives the Bethe formula for

d<E>/dS which in turn can be used to integrate equations
for A, and A3.

Additivity of stopping powers can be expressed
in several ways with the choice for a particular appli-
cation depending on what form the data are in and the
end use of the results. It proved most useful to use
stopping cross sections in this experiment. Stopping
cross sections are expressed in units of

eV-cmz-molecule-l x 10-15 and are related to dE/dx by
=1 dE
€*N dx -

Additivity is applied by calculating the stopping cross
section fer the compound AmBn from the equation

E(Aman).a me (A) + nc(B) .

Apparatus and Procedures

A pArton energy-loss experiment is concepfually =
simple, requiring three pieces of equipment: a source
of protons, a chamber to hold the material under study,
and a proton spectrometer. To measure energy losses
of monoenergetic protons in gases adds several compli-
caticns. First, simple accelerators, such as that
available for this experiment, do not produce a mono-
energetic proton beam. Second, some means must be de-
vised to get the protons into and out of the cell
holding the gas. In this experiment, an electro-
static analyzer was used to seclect a narrow inte:sval
in the energy distribution of the protons produced by
the accelerator [input analyzer). A differentially
pumped gas cell held the gas under study and a second
electrostatic analyzer was used to measurc the spectrum :
of the protons emerging from the cell (output analyzer). :
A simplified diagram of the system is given in Figure '
1.
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Fig. 1. Plan Diagram of the Experimental
Equipment.

A Texas Nuclear Model 9999 accelerator was the
source of the protons. This accelerator was designed
as a neutron generator but, because it had a r¢la-
tively sophisticated accelerating column with reason-
ably good ion optics, it was obtained with a
mechanical gas valve and an R.F. .om ssurce so that
a wide range of ions might be accelerated. None cof
the voltage supplies on the machine were regulated
or highly filtered, since such refinerents are not
necessary to produce neutro:s. As 2 result, the
beam energy fluctuated several keV.

-

The machine was designed to operate at 200
keV but it was not stable enough for use above 150
keV in this experiment. Maximum beams produced by
the machine 1anged from about 200 A at 50 keV to 400
HA at 150 keV. Most of this current was lost in the
collimation and energy selection required.

Unless a uigh-resolution spectrometer is
used to measure the proton spectrum, some technique
is required to unfold the contribution of the spectro-
meter from the data. Conversely, the detector
response may be folded into the theoretical dis-
tribution for comparisons, but this approach has
less value when the theory is not well developed.
The analyzer pole pieces were 90° sectors of
concentric spheres. Spherical pole pieces gave
the analyzer twice the dispersion that could be
obtained from an analyzer with cylindrical pole
pieces and focussed the beam from a circular
aperture into a spot rather than a line.

Design of zhie analyzers was based upon

eauations given by Siegbahn20 and resulted in an
instrument with a theoretical dispersion of just

over 1000. The polec pieces had an inner radius of
14.7S5 inches (37.5 cm) and an outer radius of 15 ;
inches (38.1 cm) which resulted in a gap of 0.25 i




Fig. 1. Plan Diagram of the Experimental
Equipment.

A Texas Nuclear Model 9999 acceleratar was the
source of the protons. This accelerator was designed
as a neutron generator but, because it had a rela-
tively sophisticated accelerating column with reason-
ably good icn optics, it was obtained with a '
mechanical gas valve and an R.F. ion source so that
a wide range of ions might be ac¢celerated. None of
the voltage supplies cn the machine were regulated
or highly filtered, since such refiner.ents are not
necessary to produce neutrons. As a result, the
beam energy fluctuated saveral keV,

The nachine was designed to operate at 200
keV but it was not stable enough for use above 150
keV in this experiment. Maximum beams produced by
the machine rmnged from about 200 pA at 50 keV to 400
MA at 150 keV., Most of this current was lost in the
collimatzon and energy selection required.

Unless a high-resolution spectrometer is
used to measure the proton spectrum, some technique
is required to unfold the contribution of the spectro-
meter from the data. Conversely, the detector
response may be folded into the theoretical dis-
tribution for comparisons, but this approach has
less value when the theory is aot well developed.
The analyzer pole pieces were 90° sectors of |
concentric spheres. Spherical pole pieczs gave '
the analyzer twice the dispersion that could be
obtained from an analyzer with cylindrical pole
pieces and focussed the beam from a circular
aperture into a spoi rather than a line.

o em

Design of the anulyzers was based upon

equations given by Siegbznhn20 and resulted in an
instrument with a theoretical dispersion of just
over 1000. The pole pieces had an inner radius of
14.75 inches (37.5 cm} ana an outer radius of 15
inches (38.1 cm) which resulted in a gap of 0.25
inches (6.4 mm). Size was dictated by the amount
of space available for the experiment in the ac-
celerator building and the requirement that the
analyzer be capadble of transmitting 500 keV pro-
tons with plus and minus 10 KV (or less)
potentials applied tce the electrodes. This de-
creased the problems chut arise when insulators,
cables and connectors must haandle higher voltages.




The size of the input and exit apertures, coupled
with the inherent dispersion of the analyzer, set
the energy resolution at 0.1% (50 eV at 50 keV and 15C
eV at 150 keV). A one volt change on either electrode
corresponded to a 29 eV change in the energy of the
charged particles transmitted by the analyzer. To be
consistent with the resolution of the analyzer, the
electrode potential of the output analyzer was changed
in 2 volt increments for measurements at 50 keV, in
4 volt increments at 100 keV and in 6 volt increments
at 150 keV. Ten volt increments were used at 75 and
125 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.

The analyzers were cross calibrated to the high
voltage supply of an accelerator operated by the ORNL
Thermonuclear Division. This supply was regulated to
one part in one hundred thousand and had a voltage
divider that had been calibrated using p, gamma re-
sonance reactions. The transmission of protons with
energies from 50 to 200 keV was measured as a function
of the voltage applied to the analyzer electrodes.

The energy calibration of the accelerator voltage
divider was checked by measuring the gamma rays pro-

.. duced by resonance proton interactions with thick tar-
gets of fluorine and aluminur. Measured resonance
energies were in closc agreement with the published
values thus corroborzating the original calibration.

At anergies above 1 MeV and in cases where mean
energy loss rather than an energy-loss distributicn
is desired, protons can enter and exit the gas cell
via thin foils. The energy lost by the protons in
these foils can be determined, but the resulting
fluctuations in the energy loss would have to be ex-
tracted from those produced in the gas. At the energies
for which this experiment was designed, the energv-loss
fluctuations produced in the foils could completely mask the
effects of the gas. Moverover, 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 holes 0.71 mm in diameter. The
gas cell had differential pumping sections on its input
and output to handle the gas escaping through the holes.
The temperature, T, of the gas in the cell cculd be
measured to 0.1°K, tut could not be controlled; pres-

sure, P, could be measured in increments of 10~4 Torr

and regulated to + 5 x 107* Tors.

The system was aligned to a 50 keV proton beanm
from the accelerator by making adjustments to center
the beam on a plastic scintillator as each section was .
assembled. Data were taken by measuring the transmit-
ted current with a Faraday cup coupled to a vibrating
reed electrometer with digitized output. A series of
tests showed that the best signal available for normal-
izing the measursments to variations in accelerator
output was the current that wiped off on a special
electrode mounted between the input aperture and the
electrodes of the output analyzer. This current re-
flected both current and energy fluctuations in the
beam. Normalization currents were also measured using
. 2 vibrating reed electrometer witl. dignitized output.




" The analyzers were cross calibvated to the high =~
voltage supply of an accelerator operated by the ORNL
Thormonuclear Division. This supply was regulated to
one part in one hundred thousand and had a voltage
divider that had been calibrated using », gamma re-
sonance reactions. The transmission of protons with
energies from 50 to 200 keV was measured as a function
of the voltage applied to the analyzer electrodes.

The energy calibration of the accelerator voltage
divider was checked by measuring the gamma rays pro-
duced by resonance proton interactions with thick tar-
gets of fluorine and aluminum. Measured resonance
energies were in close agreement with the published
values thus coxroborating the original calibration.

At anergies 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 foils. The energy lost by the protons in
these foils can be determined, but the resulting
fluctuations in the energy loss would have to be ex-
tracted from those produced in the gas. At the energies
for which this experiment was designed, the energy-loss
fluctuations produced in the foils could completely mask the
effects of the gas. Moverover, 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 holes 0.71 mm in diameter. The
gas cell had differential pumping sections on its input
and output to handle the gas escaping through the holes.
The temperature, T, of the gas in the cell could be
measured to 0.1°K, but could not be controlled; pres-

sure, .P, could be measured in increments of 10 Torr

and regulated to + 5 x 10 -4 Torr.

The system was aligned to a 50 keV proton beam
from the accelerator by making adjustments to center
the beam on a plastic scintillator as each section was .
assembled. Data were taken by measuring the transmit-
ted current with a Faraday cup coupled to a vibrating
reed electrometer .with digitized output. A series of
tests showed that the best signal available for normal-
izing the measurements to variations in accelerator
output was the current that wiped Gff on a special
electrode mounted between the input aperture and the
electrodes of the output analyzer. This current re-
fiected both current and energy fluctuations in the
beam. Normalization currents were also measured using
a vibrating reed electrometer witl. dignitized output.

The gases measured, their purities, and the sup-
pliers are given in Table 1. Most of the gases were
greater than 99% pure, although two of some interest,
propyne and propadiene, were not. No attempt was made
to make corrections for the impurities in these gases.

Lodhi and Powers9 used propadiene of similar purity

in their measurements of alpha stopping cross sections
and found that the impurities affected the cross
sections by just over 1%.



TABLE 1. Gases, Purities and Suppliers

Gas Purity Matheson
Hydrogen (Hz) 99.999% Matheson
Methane (CH4) 99.97% Matheson
Ethyne (HC:CH) 99.6% Matheson
Ethene (CHZ:CHZ) 99.98% Matheson
Ethane (CHSCHS) 99.96% Matheson
Propyne (CHCCH) 96% Air Prodl;lcts
and Chemicals
Propadiene (CH2:C:CH2) 97% Linde
Propene (CH3CH:CH2) 99.9% Lif-0- Gen
Cyclopropane (CHZ)S 99.9% Matheson
Propane (CHSCHZCHSJ 99.99% Matheson

Data was takew with the gas density in the
cell adjusted to give a 4% energy loss at each pro-
ton energy. To determine the recuired gas
densities required guod values of the stopping
powers. Such data were not always available in
the literature, so a preliminary measurement
was made for each gas.

Once the proper gas densities were ob-
tained, acquisition of data for the energy-loss
distributions began. Data were taken with thres
consecutive measurements at each voltage, begin-
ning and ending with electronmster zero-offset
measurements. Each series of readings from 50
to 150 keV was repeated three times. These data
were treated as nine individial sets by a program
that calculated the distributions, normalized them
to a unit sum and then calculated the mean energy
and second and third central moments for each.
These data were accumulated and the means and
standard deviations calculated. The error calcu-
lations included reasonable estimates of the un-
certainties in the energy values and excluded any
of the data that fell outside limits described by

. . 21
Chauvenet's criteria.

Results and Conclusions

To convert energy loss to stopping cross
sections 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 effect of
the gas streaming through the apertnre was made
by assuming that the decrease in the pressure as . .




Propyne (CHSC?CH) 96% Air Products
and Chemicals

Propadiene [CH2:C:CH2) 97% Linde
Propene (CHSCH:yﬂz) 99.9% Lif-0- Gen
Cyclopropane [CH.2)3 99.9% Matheson

Propane [CHSCHZCH 99.99% Matheson
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Data was takein with the gas density in the
cell adjusted to give a 4% energy loss at each pro-
ton energy. To determine the recuired gas
densities required guod values of the stopping
powers. Such data wzre not always available in
the literature, s0 a preliminary measurement
was made for each gas.

Once the proper gas densities were ob-
tained, acquisition of data for the energy-loss
distributions began. Data were taken with three
consecutive measurements at each voltage, begin-
ning and ending with electronmeter zero-offset
measurements. Each series of readings from 50
to 150 keV was repeated three times. These data
were treated as nine individual sets by a program
that calculated the distributions, normalized them
to a unit sum and then calculated the mean energy
and second and third central moments for each.
These data were accumulated and the means and
standard deviations calculated. The error calcu-
lations included reasonable estimates of the un-
certainties in the energy values and excluded any
of the data that fell outside limits described by

. .. 2
Chauvenet's criteria.

Results and Conclusions

To convert energy loss to stopping cross
sections requires a division by the density cf
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 effect of
the gas streaming through the aperture was made
by assuming that the decrease in the pressure as
a function of distance from, X, from the aperture
could be described by

. x "

P =P GHw) -

The gas cell pressure was P, and the value 0.036
represented the radius of the aperture.
The fittings required for aligning the

apparatus to the beam produced an asymmetry
in the distances from the gas cell apertures




to the ion gauges in their respective differential
pumping sections. As a result, the value of n
could be computed for one side and used to calcu-
late 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 ir every case the
values obtained for n were near -1.4.

Making these corrections resulted in an in-
crease in the cell length of 0.16 cm. While this
increase is only 0.5%, it was added to the measured
length of the cell with the assumption that each
component of the increase was known with the same
uncertainty as the measurement.

Another problem is to determine at what energy
the measured stopping-power value applies. A com-
mon method is to assign the value to the average
energy (E, + <E>)/2. This is valid if the stopping
power changes only a small amount over the energy
region from Eo to <E>. Since relatively small energy

losses were involved in this experiment and only
small variations in stopping power were involved over
the entire range of the experiment, this simple
technique is undoubtedly adequate. To accommodate
this approach and to allow data to be presented at
even energy values, the data were taken at proton
energies of 51, 76.5, 102, 127.5 and 153 keV.

As menticned by Bichsel,22 when the proton
energy is below 0.5 MeV, charge exchange might play

. e . 23 ..
a significant role in energy loss. Weyl ~ dis-
cusses this and estimates a contribution of about

%. A Tecent paper by Vollmerz4 gives an estimate
of the effect of charge exchange on energy-loss
fluctuations of 100 keV protons in hydrogen.
Nuclear collisions can also play an important part
in the energy loss of very slowly moving parti-

cles.25 However, these effects will be minimal in
an experiment such as this that has a relatively
think absorber and measures only highly-collimated,
forward-going protons.

Some typical energy-loss distribtions (for
ethane) are shown in Figure 2. The distributions
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uncertainty as the measurement.

Another problem is to determine at what energy
the measured stopping-power valuc applies. A com-
mon method is to assign the value to the average
energy (Ej ¢ <E>}f2. This is valid if the stopping
power changes only a swall amount over the energy
region from E, to <E>. Since relatively small :nergy

losses were involved in this experiment and only
small variations in stopping power were involved over
the entire range of the experiment, this simple
technique is undoubtedly adequate. To accommodate
this approach and to allow data to bo presented at
even energy values, the data were taken at proton
energies of 51, 76.5, 102, 127.5 and 153 keV.

As mentiuned by Bichse1,22 when the proton
energy is below 0.5 MeV, charge exchange might play

. . . 23 ..
a significant role in energy loss. Weyl ~ dis-
cusses this and estimates a contribuzion of about

8%. A recent paper by Vollmer24 gives an estimate
of the effect of charge exchange on energy-loss
fluctuations of 100 keV protons in hydrogen.
Nuclear collisions can also play an important part

in the energy loss of very slowly moving parti-
cles.25 However, these effects will be minimal in

an experiment such as this that has a relatively
think absorber and measures only highly-coilimated,
forward-going protons.

Some typical energy-ioss distribtioas (for
ethane) are shown in Figure 2. The distributions
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have unit area and tine uncertainties shown are one
standard deviation and ropresent the worst case.
Sccond and third central moments of the stopping
distributions were calculated from the data ob-
tained at input proton encrgies of S}, 102 and
The Jata for cthyne, ethene and ethane

are tahulated in Table 2.

153 keV.

TABLE 2. Experimental and Theoretical Second and
Third Central Moments
{kevz and kcvs, Respectively)
Proton  E(keV)50 100 150
Ethync
Az Ex 0.13640.010 0.331+0.033 G.62040.071
Az ™ 0.1756 0.319 0.604
—A3 Ex 0 011#0.007 0.04040.026 0.11440.114
-A3 Th  0.009 0.037 0.102
Etheue
Az Ex  0.136+0.010 0.3453+0.033 0.60940.070
A2 Th 0.119 0.295 0.547
-A3 Ex 0.01140.007 0.04430.035 0.109+0.100
-A3 Th 0.008 0.034% 0.092
Ethane
A, Ex 0.154+).010 0.358040.034 0.701+0.072
A2 Th  0.113 Q.277 0.573
—A3 Ex 0.01440.008 0.045+0.037 0.13740.111
-Aa Th  0.007 0.031 0.096

Laxrge uncertainties occur in these values

because the uncertainties in the energy values
compound rapidly when the energy is squared or

cubcd.z6

Except for ethyne, the Az values

exceed the theoretical values by 10 to 40%,
The A. values range from 10% to 250% times the

theory.

Aside from questions about the applica-

bility 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 AZ' but it

should decrease the skew (AS) because protons

that huad traveled a portion of the gas cell with-
out clitrge would have lost less energy and would

appear on the high
Noegative :\3 values

low cnergy side of

the distribution.

epergy side of the disrribution.
indigate asymmerry towards the
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Proton E(keV)SO 100

Echync

Az Ex 0.13640.010 0.3314#0.033 0.62045.071
Az ™ 0.136 0.319 0.604

-33 Ex 0.01140.007 0.0404G.034 0.11440.114
-Aa Th 0.009 6.037 0.102
Ethene

Az Ex 0.136+0.010 0.345+0.033 0.6094+0.070
Az Th 0.119 0.296 0.547

-A, Ex 0.01140.007 0.04440.035 0.10940.100
~A4 Th 0.008 0.034 0.0%2
Ethane

AZ Ex ©0.15440.010 {0.36040.034 0.7014+0.072
Az Th 0.113 0.277 0.573

~A3 nx  $.01440.008 0.046+0.037 0.13740.111
~A3 Th 0.007 0.031 0.096

Large uncertainties occur jin these values
because the uncertainties in the energy values
compound rapidly when the energy is squared or

cu’c'-ed.z6 Except for ethyne, the Az values

exceed the theoretical values by 10 to 40%.
The A, values range from 10% to 250% times the
theor?.

Aside from questions about the applica-
bility 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 AZ’ but it

should decrease the sket (As) because protons

that had traveled a portion of the gas cell with-
out charge would have lost less energy and would

appear on the high energy side of the distribution.

Negative AS values indicate asymmetry towards the

low energy side o€ the distribution.

In the simplest approximation, the value of
M2 is a constant and the value of AZ(S) is just
M,S8. Therefore, these data can be tested by
dividing by S and sceing if the results arte
reasonably coastant. In all cases, the values
of AZ/S obtained at 100 and 150 keV were the same

for any gas. Similarly, a simple form for AS(S)

is proportional to £S. When the measured values
were divided by this faetor, a constant value
s Fonmd for oeach v, Thit o conulusian hos oo

e A S e AL L TR ML I A

-

)
3
i




involved.

Stopping cross sections calculated from the
energy loss data by using the relation

= (3.282 + 0.005) x 107'% (E_-<E>)7/P

are shown in Table 3. The errors represent one
standard deviation and are not percent standard
error as is often quoted for this type of data.

,TABLE 3. Measured Stcrping Cross Sectioans in Units of

10-15 eV-—cm2 Molecule—1

P Hydrogen Methane Ethyne Ethene

S0 14.1+#0.4  37.4%1.0 46.2+0.9  S54.1+l.1
75  12.430.5  36.3%0.9 45.6¥1.5  54.3%2.0
100 10.8¥0.2  35.9%0.9 42.740.8  51.4%1.0
.5

4

125 9.740.3 34, 1H 40.2+1.3 48.5+1.3
150 8.6+0.1 32.040. 37.440.7 44.940.9
EEA Ethane Propyne Propadiene Propene

50  61.6¥1.3  69.7+42.4 67.3+1.7  76.8+2.7
75 63.042.0  69.8+2.3 65.842.3  74.0+4.9
100 5¢.7%41.2  65.6%1.5 64.5¥1.2  75.0+l.6
125 S6.3%l.4  61.7+#1.7 63.242.8  70.9+1.9
150 52.630.9  57.4%1.1 59.3¥2.1  66.6%1.4

E Cyclopropane Propane

50  71.1%2.4  84.5%2.2
75  70.1%3.5 86.4%+3.5
100 69.0+2.4  83.0+2.3
125  65.742.6 78.6%2.6
150  62.741.4 72.9+1.8

The uncertainties include those calculated for
the energy loss, a 0.2°C uncertainty in temperature
measurenents, a 0.1% manometer error and the

S x 10-14 Torr uncertainty in how closely’ the gas cell

pressurz could be régistered.

Given €(H), €{C) can be found from the equation,

E(CmHn)-ne(H)

e(C) =

Values obtained from such a calculation are
shown in Table 4.



standard deviation and are not percent standard
error as is often quoted for this type of data.

-~
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,TABLE 3. Measured Stcrping Uross Sections in Units of
10-15 eV—cm? Molecule-l
Ep RBydrogen Methane Ettiyne Ethene
50 14.1%0.4  37.4+¥1.0 4t.250.9  54.1%l.1
75 12.4%0.5 36.3+0.9 45.6+1.5 54.3+2.0
100 10.840.2 35.940.9  42.740.8 51.4+1.0
125 9.740.3 34.140.5  40.2+1.3 48.5+1.3
150 8.640.1 32.0+0.4 37.440.7 44.940.9
?p Ethane’ Propyne Propadiene Propene
S0 61.6+1.3 69.7+2.4 67.3+1.7 76.8+2.7
75 63.042.0 69.8+2.3 65.8+2.3 74.0+4.9
100 5¢.7+1.2 65.6+1.5 64.5+1.2 75.0+1.6
125 56.3+1.4 61.7+41.7 63.242.8 70.9+1.9
150 52.640.9 57.4+1.1 59.3%2.1 66.6+1.4
EP Cyclopropane Propane
50 71.1+2.4 84.5+2.2
75 70.143.5 86.4+3.5
100 69.0+2.4 83.0+2.3
125 85.7%2.6 78.8+2.6
150 62.7+1.4 72.9+1.8

The uncertainties include those cazlculated for
the energy loss, a 0.2°C uncertainty in temperature
measurements, a 0.1% manometer error znd the

s x 10714

Torr uncertainty in how closely’ the gas cell
pressure could be régistered.

Given e€(H), €(C) can be féuﬁd from the equation.

e(C) =

Values obtained from such a calculation are
shown in Table 4,

e(CmHnJ-ne(H)

m




TABLE 4. Carbon Stapping Cross Sections Calculated wh
Assuming Bragg Additivity t:
. t
Ep Hethane—2H2 1/2 (Ethyne-Hz) 1/2(Ethane-2H2) . VO
: i ba
50 9.2+1.1 15.0+0.5 13.040.6 ' do
75 11.8+1.1 16.6+0.8 14.8+1.1 ' Th
100 14.370.9 16.0+0.4 14.940.5 . to
125  14.740.6 15.2+0.7 14.630.7 " th
150  14.8%0.4 14.430.4 13.840.5 wi
Ep 1/2(Ethane-3H2) 1/3(Propynew2H2) 1/3(Propadiene—2H2) ; 55
50 9.6+0.7 13.8+0.8 13.0+0.6 51;
75  12.9%1.1 15.040.8 13.740.8 o
100 13.5%0,6 14.740.5 14.3+0.4 wit:
125  13.6+0.7 14.130.6 14.6%0.9 . whe
150  13.430.5 13.430.4 14.0+0.7 ~ th:
E| 1/3(Propene—3ﬂz)1/3(Cyc10propane-3H2) :
50 11.5+0.9 9.6+0.8 | of
75 12.3+1.7 11.041.2 pol
106 14.2+0.5 12.250.8 ral
125 13.9%0.7 12.2%0.9 cye
150  13.640.5 12.3%0.5 ey
E 1/3(Propane-4H.) . wel
P 2 :
bor
50 9.4+0.8 wel
75  12.3+1.2 Fig
100  13.3+0.8 tak

125 13.340.9 ! bor
150 12.8+0.6 :

Differences in the values calculated for €(C) can be
correlated with the type of carbon bonds involved
in the molecule. This is shown clearly in Figure 3

ORNL-DWG 73-12827
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13.510.6 + 4.340.4
125 13.6+0.7 146.14+0.6 14.640.9 . whe
150 13.440.5 13.440.4 14.0+0.7 th:
Ep 1/3(Propene~382)1/3(Cyclopropane-3H2)
50  11.540.9 9.6+0.8 o
75 12.3F1.7 11.041.2 | Eai
100 14.240.5 12.24+0.8 I e
125 13.940.7 12.2+0.9 5{,
150 13.640.5 12.340.5 | e
E 1/3(Propane-482) } wel
P bor
50 9.440.8 wel
75 12,.3+1.2 Fig
100 13.3%0.§ tak
125 13.3+0.9 ! bor
150 12.8+0.6
Differences in the values calculated for €{C) can be
correlated with the type of carbon boads involved
in the molecule. This is shown clearly in Figure 3
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which is 4 diagran of tihe £{C) duata. The lengin cf

the lines TepresentsTa 995 confidence interval und

the numbers represent the type of carbon bonds in-
volved. A statistically significant differcnce

between the stoppins cross sections for triple,

double and single carbon bonds is shown at 50 keV.

The uncertainties do not permit a definite statement

to be made at higher energies, but tke trends remain
the same. The diagram also shows that propadiene,

with two double bonds, gives €(C) values like those
from ethenc rather than like its iscmer, propyne. More-
over, the value obtained from propyne, which has a
single and a triple bond, falls between the values of
ethwne, which has a triple bond, and ethane or propane,
which have only single bonds. Similar trends are noted

when the data of Park and Zimmerman7 are treated in
this marnrer.

Another interesting comparison was the ratios
of measured to calculated values for the stopping
power and second and third central moments. ¥or the
ratios of stopping power it was found that ethane,
cyclopropane and propane gave the same ratio, within
statistical limits, always less than 1 for any energy.
The ratios for ethene and propadiene also agreed but
were significantly larger than thosé for the single
bonded molecules and nearer to one. Values from ethyne
were considerably larger than one. This is shown in
Figure 4. Relatively small uncertainties result from
taking weighted averages of the data for each type of
bonding.
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when the data of Park and Zimme.rman7 are treated in
this manner.

Ancther interesting comparison was the ratios
of measured to calculated values for the stopping
power and second and third central moments. Yor the
ratios of stopping power it was found that ethane,
cyclopropane and propane gave the same ratio, within
statistical limits, always less than 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 4. Relatively small uncertainties result from
taking weighted averages of the data for each type of
bonding.
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Ratios of measured to theoretical second
central moments are also shown in Figure 4. 1In
this case, the single bonded molecules gave ratios
as much as 1.4 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. Ratios of measured to calculated
values of the third central moment showed the
same trends, but the uncertainties 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.

The most obvious conclusion reached from the
measurements of the energy-loss distributions was
that the thecory did not match the data. Large un-
certainties must always be involved in the de-
termination of the higher moments of the ex-
perimental distribution which may make comparisons
with theory difficult or meaningless. However,
the internal consistency of the data was good
even when compared with the simplest possible
theory. It has been suggested that the length of
the gas cell coupled with the small aperture size
could result in the rejection of a significant
number of the protons that had undergone "hard"
collisions so that these measurements are pre-
dominated by protons that had undergone only soft
collisions. Some treatments of these data are now
underway that show this might have indeed been a
problem, primarily with the collisions involving
the sigma electrons in the carbon-carbon bonds.
However, some other experiments, such as Park

and Schowengerd4, have similar acceptance angles.
This experiment was th. first of its type and
defficiencies of this nature should be investi-
gated in later work.

Some of the most interesting results of
this experiment were those related to the additivity
of stopping cross sections. Statistically signific-
ant differences for compounds with different types
of carbon bonding were found at 50 keV. Although
the uncertainties in the data prevent positive con-
clusions at the other energies, the trends of the
data are consistent with an effect due to bonding
at all of the energies measured. Variations with
bond types were found in the stopping-cross-section
data, regardless of whether the standard of com-
parison was experimental or theoretical. Cor-

related variations also occurred in the comparisons

of the seconc and third central moments of the dis-
tribution with theory. Details of this work are

given in ORNL/TM-5165.%/

Because of the assumed additivity of stopping
powers is a useful tool for dosimetry, more stopping

cross section measurements should be made to include
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single and triple bunded values and propsne fell
midway between the single and double bonded values.

The most obvious conclusion reached from the
measurements of the energy-loss distributions was
that the theory did not match the data. Large un-
certainties must always be involved in the de-
termination of the higher moments of the ex-
perimental distribution which may make comparisons
with theory difficult or meaningless. However,
the internal consistency of the data was good
even when compared with the simplest possible
theory. It has been suggested that the length of
the gas cell coupled with the small aperture size
could result in the rejection of a significant
number of the protons that had undergone “hard"
cellisions so that these measurements are pre-
dominated by protons that had undergone only soft
collisions. Some treatments of these data are now
underway that show this might have indeed been a
problem, primarily with the collisions involving
the sigma electrons in the carbon-carbon bonds.
However, some other experiments, such as Park

and Schowengerd4, have similar acceptance angles.
This experiment was the first of its type and
defficiencies of this nature should be investi-
gated in latec work.

Some of the most interesting results of
this experiment were those related to the additivity
of stopping cross sections. Statistically signific-
ant differences for compounds with different types
of carbon bonding were found at 50 keV. Although
the uncertainties in the data prevent positive con-
clusions at the other energies, the trends of the
data are consistent with an effect due to bonding
at all of the energies measured. Variations with
bond types were found. in the stopping-cross-section
data, regardless of whether the standard of com-
parison was experimental or theoretical. Cor-
related variations also occurred in the comparisons
of the second and third central moments of the dis-
tribution with theory. Detalls of this work are

given in ORNL/TM-5165.27

Because of the assured additivity of stopping
powers is a useful tool for dosimetry, more siopping
€ross sectlon measurements should be made to include
all of the elements of tissue. Other goses that
should be run are oxygen and nitrogen, the oxides of
nitrogen and carbon, ammonia, cyanogen and possibly
water vapor. More data on hydrocarbon gases and
vapors would also be useful. There are several
gases available that have more carbon bonds per
molecule, such as butadiene and butane, and many
heavier hydrocarbons have sufficlent vapor pressure
to allow measurements. The alpha measurements of

Lodhi and Powers9 do include butadiene and butane.
Heavier hydrocarbons would also include cyclic
molecules in addition the linear molecules that
cormrisad the grestest part of this work.




Questions left unanswered by the size 6f e U
certainties in the present data might be resolved hy re-
peating some of the measurements. The maximua information
on additivity would probably be obtained by limiting the
gases to hydrogen, ethyne, ethene, ethane, propadicne,
cyclopropane and propane and limiting the proton energies
to the range between 40 and 100 keV.

nike most experiments, this one answered several
guestions, but, in the process, raised others. Despite
the many years of effort that have gone into stopping-
power measurements, it is still a fertiie {ield for use-
ful, meaningful and interesting research.
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