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Molecular stopping cross sections e~ of z particles of energy 0.3-2.0 MeV have been mea-
sured (probable error 0.9-2.1') in gaseous (or vapor) CF4, CgF6, C3F8, C4FS, CCl4, CClF3,
CCl&F2, CHCl2F, CBrF3, C2Br2F4, C2H3Br, C2HSBr, and C2H5I. Atomic stopping cross sections
for F, Cl, Br, and I have been calculated (probable error 2.3-4.4%) by application of the Bragg
additive rule. It is found that carbon q(C) calculated from gaseous fluorocarbons agrees with
previous measurements by Chu and Powers of e(C) for carbon in solid form but disagrees with
e (C) calculated from gaseous hydrocarbons by Bourland, Chu, and Powers. Consistent results
are found by using either of two alternatives: (i) Use hydrocarbon gas e (C) and experimental
e,»t (Hq) in hydrogen-enriched C-H-Br or C-H-I compounds, and use solid carbon q(C) every-
where else; or (ii) use solid carbon e(C) in all compounds, but use an 7' (H) which disagrees
by as much as 21% from ~ &ex t (H2). A plot of ~~ vs the atomic number Z2 of the stopping
medium shows that the halogen measurements at Z2= 9, 17, 35, and 53 agree well with the
existing theory and other experimental measurements for neighboring Z2 values.

I. INTRODUCTION

Previous experiments' have shown the exis-
tence of structure when the stopping cross section
q =dE/Ndx of n particles or protons is plotted as
a function of the atomic number Z2 of the stopping
medium. Recent calculations have predicted
marked changes in the slope of q vs Z~ when Z~
corresponds to a closed-shell atom, i.e. , Z~=10,
18, 36, and 54. These atomic species are inert
and gaseous, and a measurement of q in these sub-
stances is quite straightforward. It is desirable
to measure q in substances whose Z~ is contiguous
to these noble gases to determine the slope of the
curves and to ensure that the q measurements in
the noble gases are not fortuitous. Any experi-
ment measuring q in the halogens or alkali metals,
however, will be difficult to perform because of the
extreme chemical activity of these substances.

A recent experiment at Baylor University
showed that the Bragg rule (viz. , the molecular
stopping cross section is the additive sum of the
stopping cross sections of its atomic constituents)
wa.s applicable to hydrocarbon gases whose atoms
were single or double bonded, but was not appli-
cable to C&H2 whose C atoms were triple bonded.
That same experiment gave mild evidence for a
physical-state effect, i.e. , that & for solid carbon
was different from q for carbon calculated by the
additive formula for gaseous hydrocarbons.

It was decided then to measure q for the halogens
indirectly by first measuring & for several halo-
carbon compounds and then calculating e(F), e(cl),
etc, by the additive formula. Thirteen compounds
were selected: four fluorocarbons, four chlorocar-
bons, four bromocarbons, and one iodine com-
pound. The motivation was to have for at least

three of the halocarbons a sufficient number of
compounds to ensure internal consistency of the
method and of the calculations.

II. EXPKRIM ENTAI.

The experimental method, equipment, and
analysis are discussed in two previous papers
and are followed here. In brief, an z-particle
beam obtained from a 2-MeV Van de Graaff accel-
erator is passed through a differentially pumped
gas-cell system into a 20 analyzing magnet for
energy determination. A McLeod gauge (Model
GM-100A, Bendix Vacuum Corp. , Rochester,
N. Y. ) measures the pressure of the gaseous
halogen compounds admitted into the gas cell.
Table I lists the purity, supplier, physical state
of all compounds, and vapor pressure of the
liquid compounds. Although five of the compounds
have impurities as high as l/o, no correction was
made for these since Matheson Co. did not speci-
fy fractional percentages of these impurities.
The same compounds manufactured by other sup-
pliers were not available with purities greater than
those of Matheson. When the liquid phase is used,
the vapor from this liquid is admitted into the gas
cell at a reduced pressure by a fine metering
valve. In using the McLeod gauge, care must be
taken to ensure that the difference in height of the
mercury columns is less than, e. g. , 11.5 cm for
CC14 or 13.8 cm for C~H&I, so that the gas does
not change back to the liquid state and cause stick-
ing of the mercury to the glass capillary of the
gauge. The pressure range covered in the experi-
ment was 0.315-2.43 Torr.

No independent dE/dx measurements were made
in a separate sealed gas cell in our 18-in. scat-
tering chamber since the two previous experi-
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TA BLE I. Compounds used in experiment.

Compound

Te trafluorome thane
(Freon-14)

Hexafluoroethane
(Freon-116)

Pe rfluoropropane

Oc tafluorocyc lobutane
(Freon- C-318)

Carbon tetrachloride

Chlorotrifluorornethane
(Freon-13

Di chlorodi fluoro me thane
(Freon-12)

Di chlorofluoro me thane
(Genetron-21

Bromotrifluorornethane
(Freon-13 Bl)

1, 2-Dibromotetrafluoroethane
(Freon-114- 82)

Chemical
formula

CF4
(gas)'
C2F6
(gas)
C3F8
(gas)
C&F8
(gas)
CC14
(liquid)
CC1F3
(gas)
C C12 F2
(gas)
CHC12F
(gas)
CBrF3
(gas)

C2Br2F&
(liquid)

Minimum
purity % Supplier

99.7 Matheson

99.6 Mathe son

99.0

99.99

99.99

Mathe son

Mathe son

Bake rd

99.0 Mathe son

99.0 Matheson

99.0 Mathe son

99.0 Mathe son

99.5 Mathe son

Vinyl bromide

E thyl bromide

E thyl iodide

C2H3Br
(gas)
C&H5Br
(liquid)
C2H-„I

(liquid)

99.5

99.99

99.99

Mathe son

Baker

Baker

Phase at atmosphere conditions is listed.
"Matheson Co. , P. 0. Box 908, La Porte, Tex. 77571.
'Vapor pressure at room temperature (25'C) of the

liquids was: (i) CC14.. 115 Torr; (ii) Freon 114-B2:284
Torr; (ill) C285Br: 475 Torr; (iv) C2H„.-I: 138 Torr.

"J. T. Baker Chemical Co. , Phillipsburg, N. J.
The reagents listed are "Baker-analyzed reagents" of
exceptional high purity.

ments demonstrated that the dZ/dx measurements
for the two independent systems were identical.
All small corrections listed in these prior experi-
ments have been taken into account in the present
measurements.

III. RESULTS

A. Analysis

A least-squares curve fit to a fourth-degree
polynomial was made to the experimental data
points, which varied from X=141 to 556 for the
various gases, by minimizing the sum

N

Z (», —a, —a,E, —aaE~ —asZ„—a4E, )
2 3 42

A, =1

where q, is the experimentally measured molec-
ular stopping cross section dE/Ndx at energy E, .
A third-degree polynomial was insufficient to
represent the curve, and a fifth-degree polynomial
produced no better fit than did the fourth-degree
polynomial. The curve fit was carefully checked
to ensure that 68% of the points were within plus
or minus 1 standard deviation o of the curve, 96/0
within plus or minus 20 of the curve, etc. The
curve fit gave a faithful representation of the data

q„= (C/E) InDE, (2)

first of all because this form has a physical basis
from the Bethe-Bloch formalism, and second, be-
cause this form smooths out the spurious wiggles
and produces a monotonically decreasing q„, „
with energy. Clearly the polynomial curve fit
must join smoothly the logarithmic curve fit at
some energy E~. The two curves are discontin-
uous by as much as l. 9% unless ea,ch curve is ex-
tended somewhat into the other region. How far
the curve is extended into the other region is ar-
bitrary, and our criterion was that the curves must
be continuous and the slopes as nearly equal as
possible at E~. This continuity was accomplished
by using the polynomial curve fit from 0. 3 to 2. 0
MeV for all compounds except CHCl2F and C2H, I,
where the polynomial curve fit extended from 0.3
to 1.6 MeV. The logarithmic curve fit was made
from 1.2 to 2. 0 MeV for all compounds except
C2HSBr, C2H~Br, and C2Br2F4, where it was
necessary to extend the curve fit from 0.8 to 2. 0
MeV in order to obtain a faithful representation of
the data points above E~. The curve-fit param-
eters so obtained are listed in Table II. A sensi-
tivity test revealed that a polynomial curve fit from
0.3 ~E ~E~ differed from the polynomial curve fit
from 0. 3 & E &2. 0 MeV by as much as 0. 8/0 for
CCIF~, 1.0% for C~HSBr, and ~0. 6% for the other
compounds whose polynomial curve fit extended
from 0.3 to 2. 0 MeV. A similar sensitivity test
showed that a logarithmic curve fit from E~ &E
&2.0 MeV differed by as much as 1.1% for CzHsBr
at Za (average difference was 0.44%) and by as
much as 0.45% at 2. 0 MeV for C3HsBr (average
difference was 0. 17%) from the logarithmic curve
which went from 1.2 to 2. 0 MeV for ten of the

points in all cases except CHCl&F and C2HSI,
where the curve was systematically higher than
most of the points by 1.5% between 0. 3 and 0. 5

MeV. This discrepancy was caused by the ex-
tremely sensitive nature of the molecular curve
fits and was eliminated by curve fitting these two
compounds from 0. 3 to 1.6 MeV instead of from
0. 3 to 2. 0 MeV as with the other eleven compounds.

The extremely sensitive nature of the molecular
curve fit was also emphasized when atomic-chlo-
rine stopping cross sections were calculated from
the molecular-chlorocarbon stopping cross sec-
tions by means of the additive formula. Spurious
wiggles of small amplitude (=3%) were found

around 1.6 MeV in the q„c'„-vs-E curve. A

small change of 1/o in any one of the molecular-
chlorocarbon stopping cross sections at 1.6 MeV
would change the atomic-chlorine stopping cross
section by 2-3/o. It was then decided to curve fit
the high-energy portion of the data with the
function
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TABLE II. Curve-fit parameters for e =ao+ajE+a2E +a3E +a4E, where e is in 10 ' eV cm, E is in MeV, 0.3 «E

&Es, and for (C/E) ln(DE), where e is in 10 ~ eV cm2, E is in MeV, and Es~E ~2. 0 MeV. Es is the energy at which
the polynomial curve fit is joined smoothly to the logarithmic curve fit. The columns indicating the probable errors in
~~,» and e» refer, respectively, to the polynomial curve fit and the logarithmic curve fit.

Gas

CF4
C2F6
CBF8
C4F8
C C14

CClF3
C C12F2
CHCl2F
CBrF3
C2Br2F4

ao

110.79
158.49
222. &1

272. 22
139.86

122.70
106.64
112.85
128.79
224. 76

ai

323.65
598.38
753.19
719.12

1103.90

455.65
726.02
633.89
468.43
723.21

—321.99
—624. 99
—754. 55
—689.66

—1608.00

—519.06
—909.13
—839.46
—500.47
—737.85

ae

125.15
250. 78
287. 27
236.58
903.26

227. 84
439.93
422. 58
202. 65
274. 46

a4

18.597
36.997
40. 21
27. 851

-183.17

36.558
76. 861
76. 290

—29.694
—34. 813

Probable
error in

posy (%)

1.63
1.67
1.28
1.01
1.77

1.47
1.16
0.93
1.31
1.19

(Mev)

1.50
1.26
1.38
1.50
1.40

1.30
1.45
1.30
1.30
1.30

174.949
276. 087
360.518
397.522
236. 284

199.745
196.968
162.109
212.065
376.717

3.68962
3.55414
3.82102
3.72058
4.43035

3.54101
4.35621
4.82251
3.615'47
3.29325

Probable
error in

~), (%)

1.52
1.42
1.61
0.88
1.73

1.67
1.42
1.11
1.03
1.03

C2HSBr
C2H)Br
C2H5I

70.193
68.84
82. 66

648. 14 —844.35
781.94 —1049.2
917.94 —1288.2

415.87 —72. 370
535.82 —96.958
708.60 —142.43

1.15
1.59
1.06

1.15 140.609 4.65021
1.15 152.075 4.80732
1.30 170.322 5.15676

1.09
l.72
2.08

compounds and from 0.8 to 2. 0 MeV for the re-
maining three compounds. This sensitivity of the
curve fit, depending on how much overlapping is
necessary, is essentially uncontrollable. Either
the curves join discontinuously by as much as 1.9/o

(a physically unjustifiable situation), or there is
some slight change in the curve caused by the
overlapping. The ultimate validity of any curve
fit is determined by how faithfully the curve repre-
sents the experimental data points. The curve fits
of Table II do give a faithful representation of all
experimental points, viz. , 68%%uc within +c, 96%%uc with-
in +2o of the curves over the energy interval 0. 3
& E ~ E~ for the polynomial and E~ ~ E ~ 2. 0 MeV
for the logarithmic curve fit.

In Table II is also listed the probable error of
each curve which was calculated by 0.6745(o/&, „„)
x100%%uc, where

and n is the number of experimental points in 0. 3
MeV & E & E~ for the polynomial curve fit E,'„",,", or
the number of points in E~ & E &2. 0 MeV for the
logarithmic curve fit E',„', , m is the degree of
freedom for the curve fit: For the fourth-degree
polynomial m = 5, and for the logarithmic curve
m =2.

The curve-fit parameters of Table II have been
used to calculate the stopping cross section of the
thirteen molecular substances at 100-keV inter-
vals, and the results are presented in Table III.

A typical experimental result is given in Fig. 1
for q of CC14. The dots are the experimental
points, the solid curve the polynomial curve fit,
the dashed curve the logarithmic curve fit, and

ZB the joining energy. The high-energy point x
at 2 NeV is due to Palmer' and was obtained by
differentiating her range-energy curve of n par-
ticles in CC14 vapor. Palmer's measurement is
3. 5/c lower than our value at 2 MeV. The +'s be-
low 300 keV are due to Phillips" for protons in
CC14 and were converted to cy-particle stopping
cross sections by using the ratio q /q~ of Whaling
for particles of the same velocity. Phillips's
measurement at 280 keV is low by 10.6%%, but the
calculation using q, /q, is no better than 10-20%%uo.

B. Fluorine

Table II shows that the probable error of the
CF4, C2F&, CSFS, and C4F8 measurements is
from 0. 88 to 1.67%%uo. There are six combinations
from which either the e(C) or the & (F) may be
calculated by the additive formula: (a) CF4-CaFa,
(b) CF4-C,F„(c)CF,-C4F„(d) C,F,-C,F„(e)
CaFe-C4Fe and (f) CaFa C4Fa The combination
yielding the most accurate &(F) and &(C) is
combination (c), CF4-C4Fa. q(F) has a probable
error a&(F) =4% and q(C) a probable error b, &(C)
= 12%%. The least accurate q(F) and q(C) are found
from combination (d), CaFs-CaFa. q(F) has a
probable error aq(F) =20/o, and aq(C) is as bad
as 100-300%%uc for this case. A weighted average
& (F) or t (C) may be obtained by using too,

= [&a,(C)] and to, = [na, (F)], where the index i
varies from 1 to 6 and corresponds to the six
combinations. q(F) varies in probable error from
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FIG. 1. Molecular stopping cross section e~ as a
function of energy E~ for CC14 vapor. The dots are the
present experinmnta1 measurements. The solid curve
from 0.3 to Ez =1.4 MeV and the dashed curve from E~
= l.4 to 2.0 MeV represent, respectively, the poly-
nomial curve fit and logarithmic curve fit with param-
eters given in Table II. The point && at 2.0 MeV is due to
Palmer (Ref. 10) and the +'s below 0.3 MeV are
Phillips's proton measurements (Ref. 11) converted to
cg-particle stopping cross sections by using the ratio
e~/q& of Whaling (Ref. 12).

3, 9% at 0.3 MeV to 3.4/o at 2. 0 MeV. bL (C) var-
ies from 10.2% at O. 3 MeV up to 12.4% at 1.4
MeV and then down to 11.7% at 2. 0 MeV.

In order for the measurements and the calcula-
tions to be internally self-consistent, the six &, (F)
values should overlap within their indicated error
bars, and so should the six q, (c) values. This is
found to be the case for all q, (F) at energies ~ 0. 5
MeV and for three of the q, (C). Those combina-
tions for which the error bars do not overlap all
involve the compound perfluoropropane C,FS. The
supply cylinder of this gas was returned to the
manufacturer for chemical analysis of the con-
tents, and a fresh cylinder was simultaneously
obtained. The experiment was rerun with the new
cylinder, and the same identical curve was ob-
tained as before. The chemical analysis by the
manufacturer confirmed the 99% minimum purity,
and that the 1/0 contamination consisted maiIIly of
CO&, Nz, and Oz, although no numericalpercent-
age of these contaminants was provided. Since
these contaminants have lower molecular weight
than the C,F8, they would tend to make the q(C~F, )
measurement loaner than it should be. We there-
fore ran a test calculation by increasing the &(C~FS)
everywhere by 1%, and all &, (F) and &, (C) calcu-
lations were then consistent at all energies with
overlapping error bars. It should be emphasized
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FIG. 2. Atomic stopping cross sections eo as a func-
tion of energy E for carbon. The &&'s are solid-carbon
measurements of Chu and Powers (Ref. 5). The s 's
are solid-carbon measurements of Porat and Ramava-
taram (Ref. 13). The 's are calculated by application
of Bragg's rule to gaseous-hydrocarbon molecular
stopping cross sections {Ref. 8). The + 's are weighted
averages of 7(C) calculated from gaseous fluorocarbon'
by the technique in Sec. III B.

that the original weighted averages q(F) and q(C)
differ by only 0.07 and 0. 14%, respectively, from
weighted averages obtained by increasing g(C&FS)

by 1%. The reason for this extremely small
change is that the weighting process, by its very
nature, emphasizes the combination CF4-C4F8
much more than any of the other combinations.
We therefore conclude that a contamination of the

CEUFS by no more than 1% is likely, but that it will
affect our weighted averages by no more than
0.07- 0. 14%. We have tabulated the uncorrected
e(CSFS) measurements in Tables II and III, since
the manufacturer did not provide fractional per-
centages for the indicated contaminants.

In Fig. 2 we have plotted the weighted average
e(C) (probable error 10.2 —12.4%) obtained from
the fluorocarbons as solid triangles and have com-
pared this to the solid-carbon measurements' of
Chu and Powers (plotted as &&'s and having prob-
able errors 4. 2%), to Porat and Hamavataram's
solid-carbon measurements (plotted as g's and
with probable error 5%), and to the "gas carbon"
of Bourland et al. 8 (plotted as ~'s and with prob-
able error 1.6-2. 0%) calculated from u-particle
stopping cross sections in gaseous hydrocarbons.
The completely surprising result is that the
weighted average g(C) from the gaseous fluorocar-
bons agrees zenith the solid-carbon measurements
q(C) (both Chu and Powers and also Porat and

Hamavataram) everywhere within experimental
accuracy, but disagrees with "gas carbon" e(C)
calculated from gaseous hydrocarbons over the

energy region 0. 5-0.9 MeV. One would have a
priori thought that if "gas-carbon" g(C) calculated
from gaseous hydrocarbons differed by up to 22%

from solid-carbon g(C), then "gas-carbon" q(C)
calculated from gaseous fluorocarbons would have
disagreed with solid g(C) in a similar manner.

As a check to ensure that the original gaseous-
hydrocarbon measurements were not fortuitous, we
measured q of n particles in the hydrocarbon 1-
butene, C488, which was heavier than any hydro-
carbon measured by Bourland et al. The additive
sum of q(Hz) and "gas-carbon" q(C) calculated from
the previous gaseous-hydrocarbon stopping cross
sections agreed completely with the new & mea-
surements in 1-butene, C4HS, thereby substantiat-
ing the original hydrocarbon measurements. This
result seems to imply that a different &(C) must be
used in gaseous fluorocarbons than in gaseous hy-

drocarbons which otherwise have the same molecu-
lar structure, .e. g. , CH4 and CF4, or CzH~ and CiF8.

[It might be argued that since l-butene, C~HB, has
a different molecular structure than octafluorocy-
clobutane, C4F8, the difference in molecular struc-
ture could account for the difference. In the hydro-
carbon-gas experiment, however, the two isomers
propylene, CSHS, and cyclopropane, (CH~)3, had
identical stopping cross sections from 0. 3 to 2. 0
MeV, so there is little reason to expect the molec-
ular structure to account for the difference here. ]

One might also argue that the same q(C) should

be used in both gaseous fluorocarbons and gaseous
hydrocarbons. , and that the problem lies not with

e(C) but with e(H). This possibility, of course,
exists. The reason that Bourland and Powersa as-
sumed the problem was with e(C) was. because when

they applied Bragg's rule to c (CH, ), e(C~H4), a(C~H8)

e(C,H8), and e((CH~)~) and solved any pair of equa-
tions simultaneously, they obtained an e(H) which

was precisely one-half the experimentally mea-
sured molecular stopping cross section e(HB). This
finding seemed to point to something being wrong
with e(C), since the value calculated from the pairs
of simultaneous equations disagreed by up to 22%
from the measured solid e(C). Also the physical
state of hydrogen and gas hydrocarbons was the
same, whereas the physical state was different, for
the carbon and the hydrocarbons. The measure-
ment of e(H2) was made in two entirely separate
systems (a transmission experiment using a differ-
entially pumped gas cell and @ reflection experi-
ment where the reflected ~ particles went through
a small gas cell with Ni end windows and on into a
surface barrier detector) with identical results.
These separate measurements should enhance the
reliability of the e(H~) result. If it is assumed that
e(C) is solid e(C) everywhere, then we can obtain
an e(H) from the hydrocarbon gases as follows:

eI (H) = —.
' [~ (CH, ) —e (C)],

e,'(H) = —,
' [e (C~H, ) —2e (C)],
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~,'(H) =~8[~(c2H,) —2~(C)],

e,'(H) =& [e(C,H, ) —3~(C)],

~5(H) =
8 [~((CHR)3)-3~(C)] ~

The weighted average e (H) of these five values
[using Chu and Powers's solid e( C) which has a
probable error of a4. 2%] has a probable error of
+ 3. 5/o at 0. 4 M eV to + 5. Ppp at 2. 0 MeV, and dis-
agrees with —,'e,~, (Hz) by from 20. 8% at 0. 4 MeV
to 13.3% at 1.7 MeV. In Fig. 3 we plot q (H) vs
E as the dashed curve, and the experimental
—,'e,~, (H~) vs E is plotted as the solid curve.
From the above, we see that a Bragg-rule calcu-
lation of gaseous hydrocarbons either gives an
e (C) which disagrees from measured solid e(C) by
as much as 22%, or else gives an e(H) which dis-
agrees by about the same amount from the mea-
sured —,'e, , (H3). It was thought that &(C) was off
because of the agreement between the calculated
e(H) and the measured —,'e,„„(H2), but the present
findings with gas fluorocarbons seem to weaken
that conclusion somewhat. One thing seems fair-
ly clear, however, and that is, if e(C) is different
for gas fluorocarbons and gas hydrocarbons, the
difference is certainly not a physical-state effect
as was miMly implied by Bourland and Powers.

In what follows in the remaining sections of this
paper the analysis is made under the assumption
that gaseous hydrocarbon q(C) is different from
solid carbon g(C), and that q(H) = -,'q, „„(Hz)-=—2q(H2).
At the same time, homever, the alternate possi-
bility is considered that &(C) is the same as solid
carbon &(C) everywhere, and that &(H) = & '(H).

The above discovery that &(C) in gaseous fluoro-
carbons is the same as solid q(C) then enables
one to make a different analysis of the fluorocarbon
data, viz. , use the solid &(C) previously obtained
by Chu and Powers or by Porat and Ramavataram
to calculate q(F) from q(CF4), q(CzFs), &(C,FS),
and q(C4FS) by the additive formula. This pro-
cedure was used, and each of the four q, (F)'s so
obtained agreed within experimental accuracy with
each other and also with the weighted average g (F)
previously obtained. Had the above result been
known in the initial stages of the experiment, it
would have been necessary to measure only one
molecular fluorocarbon, say e(CF4), and then cal-
culate q(F) by subtracting solid &(C) and dividing
the result by four. As expected, an q(F) calculated
from the "gas-carbon" q(C) and the four fluorocar-
bon q's disagrees by as much as 8.4/0 from the
weighted average q (F), which is outside the ex-
perimental error.

The weighted average q (F), with probable error
3.4-3.9%, is tabulated in Table IV.

C. Chlorine

TABLE 1V. Atomic stopping cross sections for the
halogens as calculated from the halocarbon compounds;
e is in 10 eV cm: The percentage probable error is
given in parentheses.

Energy
(Mev)

0.3
p, 4
0.5
0.6
0.7

0.8
0.9
1.0
1.1
1.2

1.3
1.4
1.5
1.6
1.7

7(F}

36.e(3.9%)
4o. 1(3.9%)
42. 5(3.9 k)
44. 1(3.9%)
45.1(3.9%)

45.6(3.8%)
45. 8(3.8%)
45. 6(3.8%)
45. 2(3.8%)
44. 7{3.8%)

44. o(3.v k)
43.3(3.7P/0)

42. 4(3.4%)
41.3(3.4/p)

4O. 2(3.4%)

7(Cl)

v6. s(3.5%)
s3. s(2. 3%)
sv. 4(2.3%)
88.4(2. 3%)
87.6(2.4%)

85. 6(2.4%)
s2. s(2. 5 /p)

ve. 6(2.5%)
V6. 5(2.6%)
73.6(2.6%)

71.1(2.6%)
68. 7(2.6%)
66.8(2.4%)
64. 7(2.5%)
62 7 (2 ~ 8%)

7{Br}
ss. v(2. 8%)
95.5(2.9%)
99.7(3.o Vp)

102.2(3.0%)
102.9(3.0%)

1O2. 5(3.O/p)

100.4{3.0%)
ev v(3 0/c)
94. 1(3.0%)
91.2(2.9%)

88. 8(2.8%)
s6.s(2. 8 /, )
s4. v(2. v%)
82. 7(2.7%)
81.2(2.6%)

125.2(2. 6%)
135.6 (2.6%)
141.2(2. 7%)
143.9(2.7%)
143.e(2. 6%)

142.3 (2. 6 Plp)

138.9(2.6%)
134.8(2. 6%)
13O.1(2.6%)
125.9(2.6%)

122.6(4.4%)
119.6 (4. 4/p)

116.5 {4.4%)
113.5{4.3%)
111~ 0(4.3 jp)

1.8
1.9
2.0

39.2(3.4%) 6p. 8(3.1/0) 79.2(2.6%) 108.1(4.2%)
38.2{3,4%) 59.1{3.4/p) 77.4(2.6%) 105.2(4. 2%)
37, 3(3 ~ 4%) 57 ~ 5(3 5%) 75 ~ 5(2.5'70) 102.4{4.2%)

in principle, one need only measure c(CC14) and
then obtain &(Ci) by —,

' [e(CC14) —e(C)] if e(C) is
known. If the q (C) of probable error 10.2-12.4%
of 8ec. IIIB is used, an q(C1) of probable error

2, 3% still can be calculated from the additive
formula. The reason for the relatively high accu-
racy is the high chlorine content in CC14 which
makes the dependence upon carbon small.

In light of the findings of Sec. IOB, however,
some ambiguity exists as to whether q(C) of solid
media or &(C) from gaseous hydrocarbons should
be used, since the latter is up to 22% higher than
the former. Also, there exists the slight possi-
bility that &(C) from gaseous chlorocarbons may
even be different from either of the other two. As
it turns out, e(C1) changes by no more than 1.4%
depending on whether solid &(C) or gaseous hydro-
carbon q(C) is used in the calculation. A 1/0 sys-
tematic error in q(CC14), however, will be reflect-
ed as a 1.4/0 change in q(C1), and several small
changes [wrong q(C) being used, small systematic
errors in the q(CC14) mea, surement] could, in prin-
ciple, change q(C1) by several percent. The mea-
surement of several chlorocarbon compounds
should help eliminate some of these pathological
possibilities.

Molecular stopping cross sections mere obtained
for gaseous CC14 (CC14 in vapor phase), CCIF~,
CC13F&, and CHCI~F. Three independent e, (C),
errors, aq, (C) from 29 to 87%, were calculated and
a weighted average e (C) of probable error 27—58/0
was calculated in the same manner as Sec. IOB.
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All q, (c) error bars overlapped everywhere except
at 0.3 MeV. The weighted-average error bars
overlap solid e(C) and gaseous-hydrocarbon q(C)
everywhere, but the & (C) trend follows more close-
ly that of solid q(C) than that of gaseous-hydrocar-
bon &(C). Certainly there is no evidence to sub-
stantiate that q(c) from chlorocarbons is different
from that calculated from fluorocarbons.

Only two &,.(F)'s can be calculated from the four
gaseous compounds CC14, CClF3, CC12F» and

CHC1~F . Both q, (F) and their weighted average
agree everywhere except at 0.3 MeV with the & (F)
from the four Quorocarbons of Sec. IIIB.

Three e,.(cl)'s can be calculated (method 1) from
the four compounds:

(a) eg(cl) = -,' c(CC14) —~(CHCI~F) + —,'q(CCI~F2) + —,
'
q(H~),

(b) e2(cl) = —,q(CC14) —q(CHClgF) + 3 e(CCIFg) + 2 q(H2),

2 has a probable error of 2. 3-2.6%, and agrees
with the weighted average & (Cl) by method 1 to
better than 1.2/o from 0. 3 to 1.4 MeV and from
l. S%%uo at l. 5 MeV to S. 5%%up at 2. 0 MeV. We quote
as probable errors for q (Cl) in Table IV those
values 2. 3-2. 6%% except at 0. 3 MeV (3.5/o) and

1.7-2. 0 MeV (2.8-3. 5/o) where the two separate
weighted averages agree. The probable error
2. 3-3.5% assigned to & (Cl) in Table IV is between
the probable error of —,'[q(CC1, ) —q (C)] (2. 3%)
and the weighted average & (Cl) (5.3-5. '7/p) calcu-
lated by method 1. In the above we are essentially
using "solid" e(C) in the calculations. If we use
q '(H) instead of —,'q, „„(H2) in the above calculations
according to the discussion of Sec. IIIB, we find
that the & (Cl) of method 2 is decreased by ~0.4%,
which is well within the quoted error bars of Table
IV.

(c) q~(cl) = 2e(cclaF~) —e(CCIFs) —e(CHC12F) + —,'q(H~) .

An q(cl) cannot be obtained from the combination

CC14, CCl~F» and CClF3 because the simultaneous
equations of this combination are dependent. Ae, (CI)
varies from 5. 3 to 5. 7%, Ae2(cl) from 5. 9 to 6. 1%,
and as~(cl) from 11 to 13%. The weighted average
&(Cl) has an uncertainty of 5.3-5. '7%. All &, (Cl)'s
and e(Cl) agree everywhere within their error bars
except at 0. 3 MeV.

It is suspected that the disagreement of the
q,.(C)'s, q, (F)'s, and q, (cl)'s at 0.3 MeV is due to
the sensitivity of the curve fits. From Table I all
chlorocarbons except CC14 have a purity no better
than 99. 0%%uo. An increase in e(CCI2F2) by 0. 770,

for example, brings all calculated q's [e,.(C), Eg(F),

&, (Cl)] into agreement at 0.3 MeV without destroy-
ing the agreement elsewhere.

Because there always exists the possibility of
some small unknown systematic error in &(CC14),
we decided to obtain our value of p(cl) by subtrac-
tion by what we call method 2: We used the & (C)
and q (F) calculated from the four gaseous fluoro-
carbon compounds along with —2q(H2) measured in
Ref. 8 to calculate q,.(cl) by direct subtraction
from the four chlorocarbons, i.e. ,

(a) ~,(CI) =-,'[~(CCI, ) —~(C)],

(b) &p(CI) = 2[&(CHclpF) —2&(Hg) —e (F) —e (C)],

(c) ~, (CI) = ~(CCIF, ) —S~ (F) —~ (C),

D. Bromine

The initial method of approach was to measure
&(CBrF,), ~(C,Br,F4), q(C,H, Br), and &(C,H, Br)
and to use the additive formula to solve the four
equations simultaneously to obtain e(Br). For this
approach one must use q(H2) or q '(H) in the calcu-
lations. Unfortunately, this method yields only
two independent values of q(Br):

(a) q, (Br) = Se(C,Br,F,) —4~(CBrF, )

—&(Cyr, Br)+-,'&(H, )

(b) qa(Br) = Sq(C2Br2F4) —4&(CBrF~)

—q(C2H, Br)+ 2q(H3) .

in addition, the error bars on &,(Br) vary from 15
to 30%%up, and the &,. (Br)-vs-energy curve has a very
peculiar shape in that it increases from =70 x10 "
eVcm~ at 0. 3 MeV up to =95x10 '5 eV cma at 1.1
MeV and remains essentially constant from 1.1

to 2. 0 MeV. Because of the large error bars and

peculiar shape of q, (Br) obtained, we are unable
to assign a meaningful &(Br) by this method (simul-
taneous-solution method).

Because of the ambiguity in &(C) discussed in

Sec. III B, it is also not clear that a meaningful

e(Br) can be obtained by subtraction of atomic
stopping cross sections from the molecular stop-
ping cross sections. Nevertheless, four possibil-

ities exist:

(d) &4(cl) = —,
'

[&(CclqFq) —q (C) —2q (F)] .

All error bars overlap except at 0.3 MeV. A

weighted average q (Cl) was calculated for these
four values and is entered in Table IV as our value
of & (Cl). The weighted average & (Cl) by method

(a) e,(Br) = e(C~HSBr) —2e(C) ——,'q(Hp),

(b) e, (Br) = e(C,H, Br) —2e(C) —-', &(H,),
(c) q, (Br) = q(CBrF~) —q(c) —Sq(F),
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obtained. It was quite clear from this plot that
a common trend existed for j(Br). We divided the
21 curves into four categories, each category
related to a molecular-bromine compound. The
number of 4(Br) curves per compound were as
follows: 4(CBrF3), 4 (the first four enumerated
above); e(CzBrzF4), 4; e(CzH3Br), 6; and

e(CzH5Br), 7. The most accurate 4,. (Br) from the
4 categories were

0.5 I. O

E& (M e'I/)
1.5

I I I I I

2.0 (a) 4, (Br) = e(CBrF3) ——,'4(CF4) —
4 4( C3F3)

[a (2. 7-4%)],
FIG. 3. Atomic stopping cross sections el(H) as a

function of energy E . Solid curve is one-half the
experimental e,~, (H2) measured by Bourland et al.
(Ref. 8). The dashed curve &'(H) is calculated by sub-
tracting the solid-carbon e (C) of Chu and Powers
(Ref. 5) from the hydrocarbon stopping cross sections
according to the procedure of Sec. III B.

(b) 42, (Br) = —,'4(CzBrzF4) ——.
'

&(C4Fz)

[+ (2-3%)],

(c) 43, (Br) = 4(C2H3Br) —4(C2H4)+-,'4(H2)

[+ (2 1-3.3%)],

(d) 44(Br) =-,'4(C2BrzF4) —4(C) —24(F) .
We used 4 (F) from Table IV, solid 4(C) mea-

sured in Ref. 5, and 4(H2) measured in Ref. 8, and
the rather surprising results are shown in Fig. 4.
The shapes of all four curves are now similar
to those in Figs. 1 and 2 (typical q vs F. shap-e). -
However, the two 4(Br) curves calculated from
the C-H-Br compounds are higher by as much as
18% than the two 5(Br) curves calculated from C-
F-Br compounds. Similar results are obtained if
4(C) gas from Ref. 8 is used in place of solid q(C),
except that the difference in the trends is now

approximately 11% at 0. 7 MeV. Although in Fig.
4 the error bars overlap everywhere above 1.1
MeV, they do not below 1.1 MeV. The tightness
of the two C-H-Br curves and also (below 1.1 MeV)
that of the C-F-Br curves is also of interest.

An entirely separate approach can be made in
obtaining &(Br) by using e(CBrF3) and &(C2BrzF4)
along with the four fluorocarbon measurements

5(CF4), 4(C2F5), e(C3F3), and 4(C4F3) of Sec. IIIB.
If we limit ourselves to no more than two fluoro-
carbons per calculation, there nevertheless are
eight possible z,. (Br)'s obtained, e. g. ,

(a) 4, (Br) = e(CBrF3) ——,'e(CzF5),

(b) 42(Br) = &(CBrF3) ——,
' e(CF4) ——,

' 4(C3F3),

(c) ez(Br) = e(CBrF3) ——,'4(CF4) ——,'4(C4F5),

(d) 44(Br) = 4(CBrF3) 'E(C3F3) + -4(C4Fz),

&5(Br) 2&(C2BrzF4) &(C4F3)

etc. Thirteen additional 4,.(Br)'s can be obtained
by suitable combinations of &(CzH3Br), &(CzH5Br),
&(Hz)~ 4(CH4), 4(C2H4), c(C2H5) and e(C3H5), where
we use the hydrocarbon &'s of Ref. 8. We calcu-
lated and plotted the 21 values of q,.(Br) so

I20—

0
IOO—

90—

80—

70—

0.5 I.O l.5 2.0
E& (M eV)

FIG. 4. Atomic stopping cross sections c (Br) as a
function of energy Eo. Solid e (C) from Ref. 5, e (H2)
from Ref. 8, and e(F) from Table IV are used to cal-
culate: solid curve, e(C2H3Br) —2 e (C) —2~(Hq); dotted
curve, e (CgH5Br) -2 e (C) —yq(H2); dashed curve,
e (CBrF3) —e(C) —3e (F); and dot-dashed curve, 2 e

(C2BrqF4) —e (C) —2 7(F). It is seen that e (Br) calculated
from the hydrogen-enriched C2H3Br and C2H5Br is sys-
tematically higher than e (Br) calculated from C-F-Br
compounds.

(d) ~4, (Br) = e(C2H5Br) —24(CH4) ——3'e(C3H5)

[+ (3.2-4. 4%)] .

The error bars in these curves overlapped every-
where, and their weighted average had an uncer-
tainty of + (1.6-1.8%%d). We next took the least
accurate q(Br)'s from the four categories and

checked the consistency. The error bars for
these least accurate curves [+ (3.7-9%)] also
overlapped everywhere, and their weighted aver-
age had an uncertainty of + (3.1-3.7%).

In the above approach we are essentially using
the "solid-carbon" 4(C) [or fluorocarbon q(C)] in
the C-Br-F stopping-cross-section measurements
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and the gaseous-hydrocarbon &(C) in the C-H-Br
stopping-cross-section measurements. The two
higher curves of Fig. 4 are brought into very close
agreement with the two lower curves (all error
bars overlap everywhere) if the hydrocarbon-gas-
carbon &(C) is used instead of the solid-carbon
g(c) in the C-H-Br compounds. We used these
corrected upper curves of Fig. 4 with the two
uncorrected lower curves to obtain a weighted
average q(Br). The weighted average is uncertain
from + (2. 5-3.0%) and is tabulated as & (Br) in
Table IV. This latter weighted average agrees
everywhere with the weighted average of all 21
combinations, with the weighted average of the
four combinations giving the least error, and with
the weighted average of the four combinations
giving the most error.

From the discussion of Sec. III B the alternative
exists that solid q(C) should be used everywhere
and that q '(H) should be used in place of —,'q, „,„(Hz).
The four values of e, (Br) were calculated by the
subtraction method mentioned at the beginning of
Sec. IIID, and an q(Br) was obtained. It was
found that the new e (Br) agreed everywhere within
0. 6/o to the q (Br) values tabulated in Ta.ble IV.
q, (Br) differs, however, by as much as 10% from
q4(Br) in this new approach, and the error bars
failed to overlap by as much as 1.1% below 0.8
MeV. An increase in e(C2Br2F4) by 0. 5/o (which
may be needed since CzBraF4 is only 99. 5/o pure
according to Table I) will cause all error bars for
all four curves to overlap everywhere.

One is therefore faced with the following dilem-
ma: (i) The use of hydrocarbon gas q(C) and

q,„,, (H2) in hydrogen-enriched C-H-Br compounds
and solid carbon q(c) in C-F-Br compounds will
yield consistent results. This finding implies that
e(C) is different under certain circumstances, but
that e(H) =-,'q„„(H~) everywhere. (ii) The second
alternative is that e(C) is the same under all cir-
cumstances but that an q '(H) must be used which
differs by as much as 21% from —', &,„,,(H~). The
second alternative gives consistent results in C-
H-Br compounds if q '(H) is used. Placing the
entire blame on hydrogen, however, does not
elucidate the very evident departures from Bragg's
rule found by Bourland and Powers' for C2H, (which
contains hydrogen) and CO (which does not contain
hydrogen).

E. Iodine

To obtain q(I) from e(CSH, I) we used the same
method described in Sec. IIID for the compound
q(C2H, Br). There are seven combinations to
obtain e(I) by subtracting the stopping cross sec-
tions of hydrocarbons from &(C3H51). The probable
errors of these seven values of q(I) range from
+ (2.3-4.8/. ):

(a) ~,(r)=~(C,H,I)+~(CH, )--', ~(C,H, )

[+ (2.8-4.8%)],

(b) &g(I) = q(cqHqr) —
g &(C2H4) —2e(cgHe)

[+ (2 3-4 3%)],

(c) qs(I) = f(C2H51) ——', e(cpH4) ——,'e(CH4)

[+ (2.4-4 4/o)j &

(d) e4(I) = g(C~HSI) ——,'&(CH4) ——,
'

e(C~Hg)

[+ (2.3-4 4%)],

(e) qs(I) = e(caH51) ——,'&(C H ) ——', e(c H )

[+ 2. 3-4.3//o)],

(f) &,(I) = ~(C,H, I) —~(C,H, ) ——,'~(H, )

[k (2. 4-4.4/0)],

(g) ~, (r) = &(C,Hp) —~(C,H, )+-,'&(H, )

[+ (2 4-4 4%)] .
All the e, (I)'s are consistent with each other within

the quoted accuracies over the entire energy region
Q. 3-2.0 MeV.

e(I) can also be obtained by

gs(I) = g(C2H51) —2g(c) --', e(H, ) .

When solid q(c) and q(H2) are used, es(I) is higher
by as much as 9.8% than the above seven &(I)
values. When hydrocarbon-gas e(C) and &(Hz) are
used, &8(I) has an accuracy of + (2. 6-4.4/0) and

agrees with all e, (I) (i = 1-7). It essentially
represents the weighted average of e, (I) (i= 1-7).
We can also obtain

&,(I) = ~(C,H,I) —2~,.„,(C) —5&'(H),

where q '(H) is given in Fig. 3. &~(I) agrees to
&~(I) better than 0. 3% everywhere except at 0. 4
MeV where the agreement is 0. 6%. We have taken
qs(I) to be the atomic stopping cross section of o.

particles in iodine and list it along with its
probable error in Table IV.

IV. DISCUSSION

A. Braa;Rule Applicability

The experiment of Bourland, Chu, and Powers
showed that q(C) measured in vapor-deposited
solid C was different from q(C) calculated by
Bragg's rule from hydrocarbon gases. A possible
physical-state effect would account for the ob-
served discrepancy.

In the present experiment all stopping compounds
are in the gaseous (or vapor) state, and contrary
to our expectations, q(c) obtained from fluoro-
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carbon gases did not agree with hydrocarbon gas
&(C). This observation greatly weakens the as-
sumption that a physical-state effect is possibly
the cause of deviation from Bragg's rule, and may
even imply that the problem is not due to a differ-
ence in e(C) under certain circumstances but rather
that the atomic stopping cross section e(H) may be
considerably different than one-half the molecular
stopping cross section q(Hs), as has usually been
assumed in the past. If it is indeed true that q(H)
is not —,'&(Hs), it is still puzzling why Bourland
and Powers were able to apply Bragg's rule to
&(CH, ), &(C,H, ), g(C,Hs), g(C, H, ), and g((CH, ),),
solve pairs of Bragg-type equations for these
compounds simultaneously, and obtain an &(H)

which agreed completely with the experimentally
measured —,

' e,„„(Hs). The present experiment
points out two alternatives: (i) Either solid q(C)
and an q '(H) which is not 2&,„„(H,) can be used,
or (ii) —,'&,„„(Hs)can be used, but hydrocarbon-gas-
carbon e(C) must be used in hydrogen-enriched

C-H-Br or C-H-I compounds and solid-carbon
e(C) must be used in C-F, C-Cl, or C-F-Br com-
pounds. It is clear that the a priori approach of
measuring solid carbon e(C) and gas &,„,, (Hs) and
then using these results to predict molecular
stopping cross sections is untenable under several
circumstances.

Bragg-rule applicability can nevertheless be
checked if a proper q(C) or proper &(H) is used.
In our case we took the stopping cross section of
the individual elements (Table IV), q(H) Ieither
—,'&,„,,(Hs) or & '(H)], and &(C) [solid &(C) or hydro-
carbon-gas e(C) depending on whether the com-
pound is hydrogen enriched or not], to compute
the q(compound) according to the additivity rule.
In making these calculations it is essential to
follow either of the two alternatives outlined in the
previous paragraph. This checking of the addi-
tivity rule, while appearing to be a rehashing of
what has already been presented, is desirable
since g (F), e (Cl), and q (Br) as given in Table IV
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are weighted averages. It is possible that a
molecular q calculated from these weighted aver-
ages may deviate from a particular molecular &.
All molecular stopping cross sections calculated
from atomic stopping cross sections should agree
with the molecular stopping cross sections obtained
experimentally. The calculated molecular stopping
cross sections have probable errors ranging + 1.4-
3.3% and are in excellent agreement with the
experimental measurements. The agreement is
better than 3/o in all 13 compounds at all energies
0.3-2.0 MeV. Typically, the agreement is better
than lgo. The average deviation between the ex-
perimental stopping cross section and that calcu-
lated from constituent atomic stopping cross sec-
tions is 0. 8/o. Thus, one can still use Bragg's
rule in a meaningful way to calculate molecular
stopping cross sections from atomic stopping cross
sections, but judicious caution should be used in
deciding zohzch atomic stopping cross section to
use for q(C).

B. Z~ Dependence

One of the reasons for conducting the present
experiment was to obtain atomic stopping cross

sections of the halogens to determine if the Zz de-
pendence of q varied according to the theory and
was consistent with the atomic species contiguous
in Z~ to the halogens.

We present in Fig. 5 aplotof q vs Zaat the
~-particle energies 0.8, 1.2, 1.6, and 2.0 MeV.
All Baylor measurements, whether solid or gas,
are given by closed circles. The n. -particle mea-
surements by other groups are given by the sym-
bols listed in the figure caption. We have not in-
cluded proton stopping cross sections in order not
to clutter the figure. Proton measurements, how-
ever, are quite consistent with z-particle mea-
surements as is pointed out in Refs. 5 and 8. The
solid curves are due to the theory of Lindhard and
Winther" as modified by Rousseau et a/. We have
drawn large open circles about the halogen mea-
surements at Z~=9, 1V, 35, and 53. The agree-
ment of the present measurements with the general
trend of q vs Z2 is most encouraging. Figure 5
also indicates very clearly that the trends predicted
by the theory are substantiated by the experimental
evidence. Preliminary measurements at Baylor on
Y (Zz =39) and Zr (Zs =40) confirm the existence of
a peak at Z~ =40; these findings will be presented
in a forthcoming publication.
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