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Ranges of C, N, 0, F, and Ne in Be and of 0 and Ne in C have been measured with an accuracy of
3.4 to 9.2% in energy intervals of 100 to 150 keV in the energy region from 500 keV to 2 MeV. Additional
measurements from 200 to 500 keV have been made for C and 0 in Be and for 0 in C. The results are
compared with the Lindhard-Scharff-Schigtt theory and with a range obtained by numerically integrating
a (dE/dx)t, ,~,~ obtained by adding Firsov s prediction of dE/Cx due to electronic excitation to the LSS
prediction of, dE/d'x for elastic nuclear scattering. The experimental ranges at the low-energy end agree
within experimental accuracy to the LSS theory for F and Ne in Be and for Ne in C, but the C-in-Be measure-
ments disagree by as much as 29%. At the high-energy end the disagreement varies from 11%for Ne in C
to 24% for 0 and N in Be. The experimental values are always lower than the theoretical values; but the
LSS theory does give the correct relative magnitudes of the ranges, though only qualitatively. In com-
parison. with the Firsov predictions, the over-all disagreement is no worse than 13% for C and N in Be and
for 0 in C, but is as high as 30-31% for F and Ne in Be. The corresponding stopping powers are obtained
by differentiating the range-energy curves. At any energy 0, F, and Ne in Be and Ne in C have nearly
the same dE/Cx, while the dE/Cx of 0 in C is the lowest. These derived dE/dx values generally agree with
the directly measured values and are 2 to 30'Po higher than the LSS predictions. The derived dE/Cx values
are lower than the Firsov predictions by 2 to 42 jo, with the difference between theory and experiment
tending to increase with increasing atomic number of the ion.

I. INTRODUCTION

EVERAL theoretical studies'-' of the interaction
of heavy ions of low velocity ts((es/5)Z;aa'Isj

with amorphous or polycrystalbne solids have become
available in recent years. Previous systematic tests' '
(papers to be hereafter referred to as I and. II, respec-
tlvcly) of tile tllcol y llslllg lolls of cllel gy 50 kcV—2 McV
have indicated general agreement between theory and
experiment to better than 25%%uo.

An interesting discovery that dE/dx due to elec-
tronic excitation has an oscillating dependence of Z;,
was made by Ormrod et ul.7 This discovery was of
llltel'cst 111 tllat lt was Ilo't glvcll by tllc dE/dh cxpl'cs-
sloIls of Fllsov (Rs quoted by Tcplova ef Gl. ) 01' of
Lindhard, Scharff, and Schiptt' (hereafter referred to
as LSS). This oscillating dE/dx has been verified at
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low energies in gaseous media"" and also at higher
energies in thin carbon foils using 6&Z;, &39 at
Aarhus' " Recently, Eriksson et a1'& have veri6ed
that the same e6'ect occurs in channeling of heavy ions
in oriented % single crystals.

%e have extended our measuI'ement of ranges of
heavy ions in solids in the region 0.5 to 2 MeV to
lighter ions, which we were able to obtain from the
Baylor 2-MeV Van de Graaff accelerator. The lighter
ions used in the present measurements are C, N, 0,
F, and Ne, these ions in the above energy region have
a higher velocity than the pI'evlous lons used at. Baylor~
and should enable us not only to extend our test of the
range-energy theory to higher velocities, but also to
look at the oscillating dE/dx by an independent tech-
nique, since electronic stopping is expected to pre-
dominate at these velocities. %e have measured ranges
in C and Be, but did not measure the range of C, N,
and F in C because of the limitation of the technique.

The stopping cross sections of these ions in Be and
of 0 and Ne in C were derived from the range measure-
ments by differentiating the range-energy curves. ln
principle, to obtain dE/dh information from the range
data is more direct than to obtain range information
from measured dE/dh values. The detailed method is
outlined below. Ke are able to examine the oscillatory
dependence of dE/dx on Zl, . In addition, there is
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more dE/dx than range information available for com-
parison, and we arc able to compare our results with
measurements of other groups using our derived dE/Cx
1DfoI'IQRfloD. As 1D thc pI'cvlous papcrsq ' thc measured
data are compared to the LSS theory. Ke have also
used Firsov'ss (dE/Cx), I t,„;, along with the LSS
(dE/dx) „,I„,to extract a range that is also compared
to the experimental ranges.

11. EXPERIMENTAL TECHNIQUE

The experimental method consists of bombarding
highly polished thick targets by singly charged heavy
ions, and then using the elastic scattering of protons
from the target-plus-embedded-atom medium to give
the penetration depth, This method and the related
equipment are described, in II. The total heavy-ion
beam charge was greater than in the previous experi-
ment and varied from 15 000 to 30 000 IIC/cms. These
quantities werc essential in order to see the embedded
impurity atoms in thc proton scattering pro61es.

The ions were produced in a rf ion source. Supply
gases of Ne, 02, and ¹2were used. The molecular beams
of 02+ and Nm+ were used for the low-energy 0 and N
range measurements, and the atomic 0+ and N+ werc
used for the higher-energy Ineasurements. A compari-
son of the 1..8-McV ¹+and 02+ range measurements
with the 0.9-MeV N+ and 0+ range measurements indi-
cRtcd Qo dlgcrcnccs 1D thc I'RQgc wlthln oui expcrnnen"
tal accuracy. The C+ ions werc obtained from C02 and
the F+ ions from BF3 in the ion source. An attempt to
obtain F+ from SF6 in the source mct with failure as
far as usable ( 1 IIA) ion-beam currents were con-
cerned.

The method of analysis has been covered in detail
in I and II as far as obtaining ranges and range strag-
gling from the experimental data. The present analysis
has been divided into two categories: (1) where the
ion bombardment was of suQicient duration to intro-
duce saturation effects, and (2) where saturation effects
were negligible. A Be target was bombarded by 800-keV
N+ iona in concentrations varying from 4000 pC/cms
to 20 000 IIC/cms with no observable shift in the range.
The Inaximum concentration of oxygen used was 20 000
pC/cm', and we are therefore neglecting saturation
CBects in our oxygen measurexnents. The oxygen ranges
and range straggling werc then calculated by the method
of II.

Thc C, N, F, and Nc Ion concentrations~ however~
reached as much as 30 000 pC/cms. For these concen-
trations a correction for saturation must be included.
The concentration of embedded impurity atom is ex-
pressed as a ratio Nz/EI of the number of target atoms
to the number of impurity atoms and is readily calcu-
lated from the thick-target proton scattering yield for-

mulas given in Appendix A of I. The technique for
calculating Er /Xr is to use the observed proton scatter-
ing yields from the target Rnd embedded impurity atom
of thc present experiment along with known di8erential
scattering cross sections as reported in the literature.
Elastic scattering cross sections have~been measured
for protons in Be' (Ref. 15) C" (Ref.16) N'4 (Refs.
17 Rnd 18), Rlld F (Ref. 19), but llot, 111 Nc 111 olll'

proton-energy region of interest (0.5 to 2.0 MCV)
and in the vicinity of our laboratory scattering angles
(90' and 126') . We are not making a saturation correc-
tion for the neon measurements since the proton scatter-
ing cross sections for Ne are not known. %C have,
however, calculated the ratio NI /SN„using the Ruther-
ford scattering cross section and then used this XI /XN,
to calculate ranges, range straggling, and dE/dx to
compare to the same quantities obtained for neon in
an "unsaturated" target.

Each range measurement gives an Xs/Xr from the
thick-target yield formulas. The average value of the
several Xr/Er's is Sn,/%0=75, Xn,/NN ——32, and
Xn /SF= 27. With thc Rutherford do/dQ fol pl''otolls
from neon we get as average values Xn,/XN, ——18 and
XO/EN, =15. Deviations from these average values
by Rs much Rs R fRctoI' of 2 ol 3 occul. Thc above COQ-

centrations seem to be reasonable for two reasons: {1)
Our ion-bombardment deposition is not uniform, Rnd
thc protons may be scattered from regions of lesser or
greater concentration, and (2) a simple calculation of
the ratio X&/ÃI with a 30 000 IIC/cms bombardment
and a 50 IIg/nxP width of the impurity atom distribu-
tion (a value typical of our range straggling in this
experiment) yields El /'JIB = 18.

After g&/Qr has been obtained, the range Rz in the
UQsRtUrRtcd target ls calculated fI'OIn thc range X~IX

in the "saturated" target by the method given in I,
using the formula Rr=R; t1+(Sz/Er) (sr/ss) j. In I,
the ratio of the ion-stopping cross sections sl/sl in the
ion to that in the target was given by Nielsen's ex-
pression, ' but in the present experiment wc are using
the ratio given by the LSS theory. 4 The "saturated"
ranges dier from "unsaturated" target ranges by less
than 1% for C, N, and F in Be and by no more than
2.4% for Ne in C and Be assuming an Xs/Xl based on
RUthcl ford scRttcrlDg.

TIN dE/dx s of 'thc 1011 111 tile saturated tRI'gc't Rl'e

higher than in the "Unsaturated" target by less than
0.5% for C, N, and F in Be; the dE/dx's of Ne in un-
saturated Be and C diKer by no more than 1.4% from
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a "saturated" Be and C target again assuming the
Ars~/ENe and Xo/XNe based 011 Rutherford scattcl'IIlg.

The maximum percent of difference in "unsaturated-
target" straggling and "saturated-target" straggling is
4.1% for C, N, and F in Be. The maximum percent of
difference in "unsaturated-target" straggling and strag-
gling in a "saturated" target with Er/Er based on
Rutherford scattering for Ne in Be is 10%.

IV. SURFACE LAYER CORRECTIONS

As in I, a correction must be made for proton ener-
gies and ion energies due to deposition of contamination
on the surface during proton and ion bombardment.
The method of correction for the proton energy is de-
scribed ln I.

The proton-scattering profiles (proton yield versus
scattered proton energy) in the present experiment
revealed that the principal surface contaminant was car-
bon. The proton-energy correction determines the thick-
ness of the carbon layer. A zero-order correction to our
ion energies for this layer was made by diBerentiating
our range-energy curves for Xe and 0 in C to obtain a
dE/Cx for these ions in C. This dE/dx was used to
correct the Ne and 0 energies for the Be range meas-
urements using one-half the layer thickness obtained
from the proton scattering. All the remaining range-
energy curves were plotted to determine what type of
extrapolation should be made to estimate dE/dx for C,
N, and F in. C. The seven dE/dx curves revealed no
de6nite trend, except a gradual increase in dE/dx with
ion energy, and it was decided to take the average of
all seven sets as a function of energy for our dEjdx for
the ion in C and then correct the incident ion energies.

Typical 1011-CIlelgy coil cctiolls usillg olll dE/(ax val-
ues varied from an average of 13 keV for 0 in Be up
to an average of 40 keV for C in Be. The corresponding
corrections using the LSS theory varied from an aver-
age of 10 keV for 0 in Be to an average of 30 keV for
C in Be. Although the percent of difference between
the theory and our experimental dE/dx values used in
this ion-energy correction varied from 20 to 25%, the
net percent of di6'erence in the 6nal corrected ion
energy was generally less than 1% and was no worse
than 3%.Porat and Ramavataraliiso have also measured
dE/dx for Ne and 0 in C in our energy region of
interest. Their measurements differ by no more than
19% from ours, and the final corrected ion energy using
their values differs by no more than 0.7% from the ion
energies calculated using our dE/dx The measuremen. t
of Fastrup et al" of dE/dx of Ne in C from 81 to
946 keV would be applicable to our Ne energy correc-
tion below i MeV. The percent of difference between
their dE/Cx and ours varies between 14 to 26% with
a net over-all percent of difference on the 6nal Ne ion
energies (below 1 MCV) of no more than 1%.

N D. I.Porat and K. Ramavataram, Proc. Phys. Soc. (London)
78, 1135 (1961);7'7s W (1961).

V. DETERMINATION OF dE/dx

The method of finding dE/Cx is to obtain a least-
squares curve 6t to the experimental range-energy
points and differentiate this curve to 6nd dE/dx. On
a log-log plot of our experimental range-energy points
it was evident that the function R =CE~ would 6t the
data, where C and 8 are constants. The x' probabilities
of the fits using E.=CA~ are somewhat high, being
greater than 98% for two of the seven sets of da, ta
fitted. This result may reRect a conservative estima-
tion of the errors in the range measurements.

It is well known that the y' test does not determine
the uniqueness of the fit. It is possible that the data
can be empirically 6tted with more than one function
with reasonable g' probability. However, the inverse
of the derivatives of such functions, which gives dE/dx,
will in general be different and in certain cases dE/dx
may be rather sensitive to the choice of the function.
The range-energy points were also fitted with the func-
tion R=a+bE+cE', and dE/dx was obtained from
this 6tting. Although E=CEC and E=g+bE+cE'
fitted the experimental measurements equally well, it
is obvious that the derivatives of the two functions
have a different energy dependence. The dE/dx values
derived from the two functions generally agreed to
within 5% of each other, but the discrepancy was
greater at energies above 1.6 MeV and below 600 keV.
The uncertainty in the choice of 6tting function was
taken into account in the estimations of errors in dE/dx
and is discussed in Sec. VII.

It was decided to use the two-parameter function
E=CE~ to fit the experimental range-energy points
and to derive dE/Cx for the following reasons: (1) In
the velocity region of the present measurements, the
LSS theory predicts that the dominant mode of energy
loss is due to electronic excitation and is of the form
(dE/dx), I ~ E". Thus if (dE/dx) i.i,,i (dE/dx), i„,
then

E.= dE dx 'dE~ E'~'.
0

(2) As E +0, Z—4, and R=CE-~ satis6es this condi-
tion. (3) All existing dE/dx versus E curves for fast-
moving particles give a concave-down behavior. The
two-parameter E=CE~ fulhlls the above conditions
while the three-parameter polynomial fulfills none of
these conditions.

Our experimental ranges, which are projected ranges
along the initial ion-beam direction, were first corrected
using the LSS theory to "true ranges" along the devi-
ous path taken by the ion in slowing down. The func-
tion E=CE~ was 6tted to these "true-range" points.
The illctllod of 61ldlllg C, J3, dE/dx, alld tllc cllols 111

these quantities is given in the Appendix.
It is to be expected that the parameters C and 8

will to a certain extent depend on the number of range-
energy data points that constrain the 6t. Vile have
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checked to see if C and 8 change drastically by includ-

ing additional range-energy points available outside
our energy region. We have used the measurements of
Powers and. Whaling' of N in Be, Ne in Be, and Ne
in C at energies lower than our present measurements.
It was noticed that these lower-energy data could not
all be Gtted by E=CE . It was not clear why this was
so but it is not of real concern for our purpose. Since
these lower-energy measurements do not necessarily
contain the same systematic errors as our present
measurements, it would not be reasonable to force a
fit of all of the lower-energy data together with the
present data. In each of the above three groups (N in
Be, Ne in Be, and Ne in C) there are six range-energy
measurements, and a log-log plot of range versus energy
indicated that the upper three points of each of these
groups fell approximately on the same straight line as
our present measurements and could therefore be rea-
sonably taken as an extension of our measurements.
Range-energy curves E=CE~ were separately obtained
with and without these additional three points and
dE/dx was calculated. It should be pointed out that
this procedure was strictly a test of the reliability of
our derived dE/dx values, and the values reported in
Sec. VIII are those computed from curve-6tting to
the present range-energy measurements only. For N
in Be, dE/Cx with and without the three points at 290,
386, and 492 keV agreed perfectly. For Ne in Be the
addition of the three points at 297, 394, and 491 keV
lowered the values from 5.5 to 5.4 keV cm'/pg at 500
keV and from 10.2 to 9.8 keV cm'/pg at 2 MeV. For
Ne in C the addition of the three points at 300, 400,
and 500 keV lowered dE/dx from 53 to 5.1 keV cm'/pg
at 500 keV and from 9.7 to 8.7 keV cm'/pg at 2 MeV.

VI. RANGE STRAGGLING

The method of calculating range straggling is identi-
cal to that presented in I and II.

VII. ACCUaACV

The sources of error and the magnitude of their
e6'ect on the range are also given in I and II. The
probable errors assigned to the range measurements
vary between the following limits: C in Be, 4.0 to
7.0%; N in Be, 3.4 to 4.8%; 0 in Be, 3.4 to 6.2%;
0 in C, 5.0 to 9.2%; F in Be, 3.6 to 6.1%, Ne in Be,
3.3 to 5.2%; and Ne in C, 4.7 to 6.6%.

The probable errors in our dE/dx obtained from
R=CE were assigned on the basis of three criteria:
(1) First we used Eq. (A3), which gives an estimate
of the relative error based on R= CEs. (2) The second
method was to Gt a curve E'=C'E ' to the envelope
determined by the range values R;~&~+~;~&~ and
then make a similar 6t to the range values E; p'—
edi!;~~'. The dE/dx values obtained from these two
curves diGered from the "mean-value" curve from 1.5
to 7.0% depending on the particular combination of

ion and target. (3) The third criterion was based on
the difference in the dE/dx obtained from R=CE
and R=a+bE+cE'. We found that 75% of the dE/dx
values agreed from the two curves to within 4% for N
in Be and F in Be; to within 5% for C in Be, Ne in Be,
and Ne in C; to within 8% for 0 in C; and to within
10% for 0 in Be.

The anal assignment of uncertainty in dE/dx was
then taken to be the greatest of the three uncertainties
listed above and is tabulated in the final column of
Table I.

VIII. RESULTS

A. Range Measurements

The experimental projected range measurements are
tabulated as a function of corrected ion energy in
Table I. These ranges are corrected by the LSS the-
ory to the true range along the devious path taken by
the ion and are tabulated as "true ranges" in the table.

A convenient comparison between theory and experi-
ment can be most easily made by converting to the
dimensionless range-energy parameters dined by

p =KVM2[4xa'Mg/(3f g+M2) 'j
~ =E~~u/ZxZ~c'(~i+~2),

where the screening parameter u is given by u=
a00.8853(ZP"+Z2'") '" Z~ M~ and Z2, M2 are the
atomic and mass numbers, respectively, of the incident
ion and target atom; ~=5.29X10 ' cm; and e is the
electron's charge. The experimental projected ranges in
these units pppojy can be corrected by the LSS theory
to the true range p&„,„which is then compared to the
theory. The following behavior is noted from Figs. 1
and 2: (1) The F-in-Be, Ne-in-Be, and Ne-in-C range
measurements agree very well with the LSS theory at
the low-energy end. The experimental measurements
for these 3 cases are lower than the LSS theory at all
other energies, with the disagreement increasing with
energy to a maximum at 2 MeV of 14% for Ne in Be,
11% for Ne in C, and 16% for F in Be. (2) The C, N,
and 0 measurements are everywhere below the LSS
theory with the trend from low energy to high energy
being as follows: 0 in C, 20 to 16%; 0 in Be, 13 to
24%; C in Be, 29 to 20%; and N in Be, 28 to 24%.
(3) Qualitative agreement between the LSS theory
and experiment exists in that, for example, higher p's
are predicted for 0 in Be than in C or for Ne in Be
than in C, and the experimental results follow these
trends.

The best agreement between the LSS theory and
experiment is in the vicinity of e 50. For this value
of e, our F-in-Be, Ne-in-Be, and Ne-in-C measurements
agree with the LSS theory within experimental accu-
racy. The 0-in-Be and 0-in-C of the present experiment
and the Ar-in-Be and Ar-in-C in II agree with the
LSS theory to better than 17% for this e value. For
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TABLE I. Experimental and theoretical values of range and derived values of dE/dh. The uncertainties in energies and ranges are
probable errors. The value of dEfdx is given in the last column with its probable error expressed in percent.

Ion and
target

Ion energy
(keV)

Experimental
projected range

(~ale~') Pyr pi

True range
I,'ua/c~') Ptrue

(~+/d, '*)tpts~
(calculated)

p&„. (kev cm'/ug)

CinBe

Nin Be

Oin Be

Oin C

Fin Be

411.2~5.5
575.1&6.1
732.5+6.7
851.2+8.3

1025.9&8.3
1174.8a9.0
1325.6+9.7
1428.4~12.5
1596.3&12.2
1761.9a12.1
1913.1&13.6

499.8+1.3
600.4&2.5
700.7~2.9
800.8+2.4
880.3+4.6
988.5w6. 9

1073.4a7.6
1184.7+5.5
1278.6&8.3
1378.1+8.7
1474.6&9.2
1570.7%9.8
1665.4+10.4
1761.3%11.0
1901.3~7.9
1968.1~11.5
299.3a2.9
397.3+4.8
478.0+3.9
495.0~2.1
594.1+2.5
702.4&2.9
760.7+7.0
781.4+3.0
892.6+5.2

1006.2+4.2
1072.5+5.1
1184.1&8.8
1293.3&7.3
1371.8+5.9
1462.2&9.0
1578.2a8.9
1674.3w6. 7
1773.6+10.7
1890.6~10.7
1963.0a10.9
201.8&0.8
301.2%1.3
401.5+1.7
501.8~2. 1
602.0~2.5
702.3+2.9
804.5~2.4
902.9~2.7

1003.1~4.2
1108.7~4.6
1206.5~3.6
1309.9+S.S
1410.7&5.9
1511.5~6.3
477.2+5.6
575.2~4.9
684.1+4.2
783.5&7.1
878.4+6.2
986.5+5.6

99
138.6
176.5
205;1
247. 2
283. 1
319.4
344.2
384.7
424. 6
461.0

91.5
109.9
128.3
146.6
161.1
181.0
196.5
216.9
234. 1
252.3
269.9
287.5
304.9
322.4
348.1
360.3

43.0
57.0
68.6
71.0
85.3

100.8
109.2
112.1
128.1
144.4
153.9
169.9
185.6
196.9
209.8
226.5.
240.3
254. 5
271.3
281.7

21.7
32.4
43.2
54.0
64.8
75.6
86.5
97.1

107.9
119.3
129.8
140.9
151.8
162.6

53.0
63.9
76.0
87.1
97.6

109.6

130.7~6.8
163.4&10.8
186.4&13.1
211.0+9.9
233.9&12.1
260.2~12.7
280.0+13.1
298.7&14.7
316.0&12.5
337.4&14.3
357.0+14.4
149.1+5.2
165.8w6. 1
180.9&7.1
202.6~7.3
216.4&8.2
222. 9~8.7
243.2~9.2
250.3+9.1
275.4+10.1
276.0+10.9
289.4a11.2
309.7~11.1
313.2+11.2
329.2~12.3
338.2a13.4
348.7~12.8
102.1~5.2
125.0&9.2
148.3&6.9
150.6&9.4
166.3+9.6
184.1+8.5
197.9&8.7
199.5w6. 9
214.2+8.8
230.9+10.9
239.4%8.7
247.8+11.3
262.2&9.8
273.7a9.7
282.3&10.3
298.5~10.8
307.8a10.7
310,6+11.2
326.8&12.4
336.7&12.6

68.8&6.3
95.8+6.8

122.1&7.5
146.0%8.1
166.5%8.8
182.3+10.6
200.3&10.5
220.9~11.1
232.5&12.1
261.4&15.6
274.4&14.5
278.0&19.2
296.4&19.6
312.1&20.0

157.1+9.6
177.1~8.0
186.2%7.2
212.3~12.5
229.4~10.2
241.6&9.6

101.4+5.3
126, 7&8.3
144.6+10.2
163.6+7.7
181.4&9.4
201.8W9.8
217.2~10.2
231.7+11.4
245. 1%9./
261.7~11.1
277.0a11.2
106.0~3,7
117.9&4,4
128.6~5.0
144.0+5.2
153.8+5.8
158.5+6.2
172.9~6.5
178.0+6.5
195.8+7.4
196.2&7.7
205.8&8.0
220.2+7.9
222. 7+7.9
234.0+8.7
240.4~9.5
247.9~9.1

66.6+3.4
81.5~6.0
96.7&4.5
98.2&6.1

108.4+6.3
120.0+5.5
129.0~5.7
130.0a4. 5
139.6+5.7
150.5+7.1
156.1%5.7
161.5&7.4
170.9&6.4
178.4+6.3
184.0a6. 7
194.6&7.0
200.6%7.0
202.5+7.3
213,0~8.1
219.5+8.2
31.9&2.9
44.4+3.2
56.7+3.5
67.7a3.8
77.3&4.1
84.6a4.9
92.9~4.9

102.5~5.1
107.9+5.6
121 3%7.2
127.3&6.7
129.0~8.9
137.5&9.1
144.8~9.3
92.3%5.6

104.1&4.7
109.Sw4. 2
124.8%7.3
134.8W6. 0
142.0&5.6

137.8~7.1
170.7&11.2
193.8+13.6
218.8+10.3
241.9&12.5
268.5&13.1
288.5+13.5
307.5+15.1
324.8+12.9
346.4a14.7
366.2+14.8
156.4+5.5
173.1+6.4
188.2a7. 4
.210.2~7.6
224. 1+8.5
230.4+9.0
251.1+9.5
258.1+9.4
283.7+10.4
284.0~11.2
297.5~11.6
318.1~11.4
321.6~11.5
337.7+12.6
346.6+13.8
357.3&13.2

108.6~5.5
131,9~9.7
155.7+7.2
158.0~9.8
173.7~10.0
191.5+8.8
205.5~9.1
207.1~7.2
221.8~9.1
238.5+11.3
247. 1~9.0
255.4&11.7
269.8&10.1
281.4+10.0
290.0+10.6
306.4&11.1
315.7&10.9
318.4+11.4
334.8~12.7
344.8&12.9

76.5&7.0
104.9&7.5
132.4+8.1
156.9+8.8
178.0&9.4
193.8a11.3
212.0~11.1
233.1&11.7
244. 6~12.8
274.2ai6. 3
287.3+15.2
290.4~20.0
309.1~20.4
325.0~20.;8
164.6aio. i
184..8&.8,3.
193,6&7.5
22o. 1&12.9
237.4~10.6
249.4+9.9

106.9+5.5
132.4+8.7
150.3~10.6
169.7+8.0
187.6a9.7
208.3~10.1
223.8+10.5
238.6+11.7
251.9~10.0
268.7+11.4
284. 1+11.4
111.2~3.9
123.1~4.6
133.8w5. 2
149.4a5.4
159.3+6.0
163.8~6.4
178.5~6.7
183.5+6.7
201.6+7.4
201,9~8.0
211.5&8.2
226.2~8.1
228.6+8.1
240. 1+9.0
246.4~9.8
254.0~9.4
70.8+3.6
85.9&6.3

101.5&4.7
103.0&6.4
113.2&6.5
124.8+5.8
133.9&5.9
135.0&4.7
144.6+6.0
155.5+7.4
161.1~5.8
166.5&7.6
175.9&6.6
183.4+6.5
189.0+6.9
199.8&7.2
205.8&7, 1
207.6&7.5
218.2~8.2
224. 8&8.4

35.5&3.3
48.7&3.5
61.4a3.8
72.8+4.1
82.6&4.4
90.0&5.2
98.4~5.1

108.2W5. 4
113.5&5.9
127.2&7.6
133.3~7.1
134.8~9.3
143.5~9.5
150.8~9.7

96,7as.9
108.6a4.9
113;8&4.4
129.4&7.6
139.5a6.2
146.6+5.8

137.6
170.7
198.4
217.4
243.2
263.6
282.9
295.4
315.0
333.3
349.4

135 ' 2
152.4
168 ' 3
183.1
194.3
208. 7
219.5
233.0
243.9
255. 1
265.5
275.6
285.2
294. 7
3Q8. 1
314.3

81.Q
99.5

113.4
116.2
131.6
147.1
155.0
157.7
171.8
185.4
193.0
205.3
216.8
224. 7
233.6
244. 7
253.5
262.4
272. 5
278. 7

42.5
58.4
72.4
8S.Q

96 as
107.2
117.4
126.6
13.5.5
144.5
152.4
160.5
168.1
175.4

97.5
111.5
125.9
138.2
149.2
161.1

4.7(5%)
s.3(s%)
5 8(~%)
6.1(5jo)
6.6(5%)
6 9{5%)
7.2{5%)
7.4(5%)
7 7(5%)
8.o(s%}
8.2(s%)
s.3(5%)
5 7(5%)
6 o(5%)
6.4{s%}
6.6(S%)
6.9(5%)
7 1(5%)
7 4(5%)
7.6(s%)
7.9(5%)
8.1(sj) .

8.3{5%)
8.S(5'Fo)
8.7(5%)
8.9(5 jo)
9.0{5%)
4.4(10%)
S.Q(10j)
5.4(10j)
s.s(10j)
6.0(10%)
6.4(10%)
6.6(10%)
6.7 (10%)
7.1(10jo)
7.5 (10%)
7 7(10'Fo)
8.0(10%)
8.3(10')
8.s{io%)
8 8(10%)
9.1(10%)
9.3(10j)
9.5(10j)
9.8 (10%)

10.0 (10%)

3.6(8%)
4.0{8%)
4.4{8%)
4 7(8%)
s.o(8%)
5.2(8+p)
s.4(8 j)
5.6(8j)
s.8(8j}
6.o(8 j)
6.1(8jo)
6.3(8%)
6.4(8y, )
6.6(8j)
s.z(s%)
s.7(s%)
6 1(s jo)
6.5(s%}
6.9(Sjo)
7.2(5%)
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I'mrz I. (continued).

34'l

Ion and
target

Ion energy
(keV)

Experimental
projected range

{yg/cm') pyroj

True range
( g/cm') Ptrue

(dE/dx) ~.~.&

(calculated)
p„„,L s (keV cm~/pg)

Nein Be

Nein C

1087.3+8.4
1163.9&6.7
1283.7&6.7
1382.8+7.0
1463.6&11.0
1598.4&10.5
1679.8+11.3
1765.9&12.3
1913.6a8.0
1984.1~12.5
500.0~3.0
581.3+2.8
605.7~3.3
660.7+5.1
672.4&3.9
690.3+4.3
815.2~2.9
892.1&4.0
957.1+6.9

1063.1&6.6
1090.0~7.3
1182.1+6.5
1259.9a7.0
1292.4+6.8
1355.0&6.2
1375.8&5.0
1489.6~5.2
1520.2+6.3
1568.0+5.0
1644.5~7.2
1774.8&9.2
1845.6&6.1
1969.8&7.6

500.3~2.1
600.3&2.5
700.3+2.9
800.3a3.3
900.3+3.7

1000.4&4.2
1100.4~4.6
1200.4+5.0
1300.8+5.4
1400.3&5.8
1600.3&6.7
1700.5+7.1
1800.4+7.5
1900.0~7.9
2000.5+8.4

120.8
129.3
142.7
153.7
162.7
177.6
186.7
196.2
212.7
220. 5

47.2
54.9
57.2
62.4
63.5
65.2
/7. 0
84.3
90.4

100.4
102.9
111.6
119.0
122.1
128.0
129.9
140.7
143.6
148.1
155.3
167.6
174.3
186.0

36.1
43.3
50.6
57.8
65.0
72.2
79.5
86.7
93.9

101.1
115.6
122.8
130.0
137.2
144.4

252.5w11.7
259.8+9.9
271.4~10.3
286.4~10.4
300.8+14.1
316.3+14.6
323.6+13.3
332.6&14.8
342.8~12.7
359.1&14.2

157.4&6.6
175.7&6.5
176.7&6.8
184.0&7.8
185.2~6.7
193.8+7.6
207.6&7.1
225.4+7.8
233.5+8.5
237.3~9.2
250.8~13.1
263.0&9.5
267.5~9.2
279.4+10.5
2/4. 8+9.3
292.4~9.7
289.0~9.6
299.7+10.4
303.2&9.9
312.5~10.4
331.8+11.9
333.1~10.7
342.3~11.1
156.3~10.1
180.1~10.8
198,7+11.3
201.3a11.4
232. 1~10.9
239.6+12.5
237.0a12.4
268.8+14.8
282.4+15.2
278.0&15.1
314.0~17.6
329.2+18.1
338.2+19.8
351.6a18.7
362.7+23.8

148.4a6.9
152.7+5.8
159.5~6.0
168.3~6.1
176.8&8.3
185.9w8. 6
190.2~7.8
195.5+8.7
201.5&7.5
211.0~8.4
86.8+3.6
96.9+3.6
97.4&3.7

101.5&4.3
102.1+3.7
106.9&4.2
114.5+3.9
124.3+4.3
128.7+4.7
130.8&5.1
138.3&/. 2
145.0+5.2
147.5&5.1
154.1+5.8
151.5+5.1
161.2~5.4
159.4&5.3
165.2+5.8
167.2&5.5
172.3~5.8
182.9+6.5
183.7~5.9
188.8w6. 1

63.8&4.1
73.5&4.4
81.1+4.6
82.2~4.5
94.8+4.5
97.8+5.1
96.8+5.1

109,7+6.1
115.3+6.2
113.5~6.2
128.2~7.2
134.4+7.4
138.1+8.1
143.6&7.6
148.1+9.7

260.3~12.0
267.5&10.2
279.0&10.6
294. 1~10.6
308.7&14.5
324.2~15.0
331.6+13.7
340.6+15.2
350.7a13.0
367.2&14.5

165.0&6.9
183.6+6.7
184.4&7.1
191.8~8.1
192.9+6.9
201.8&7.9
215.4&7.3
233.4a8. 1
241.5+8.8
245.0&9.5
258.8+13.6
271.1~9.8
275.4+9.5
287.5+10.8
282.5&9.5
300.6&10.0
296.8~9.9
307.6&10.7
311.2~10.1
320.5&10.7
339.9+12.2
341.1&11.0
350.3&11.4
167.7&10.9
192.1~11.5
211.0~12.0
213.0~12.0
244.8+11.5
252.0+13.2
248.6+13.1
281.3+15.5
295.0+15.9
289.9~15.7
326.5&18.3
341.9+18.8
350.9a20.6
364.3&19.4
375.5+24.6

153.0~7.1
157.2+6.0
164.0+6.2
172.8~6.3
181.4~8.5
190.5w8. 8
194.8+8.0
200. 1&8.9
206. 1&7.6
215.8&8.6

91.0~3.8
101.2+3.7
101.7&3.9
105.7~4.5
106.3&3.8
111.3+4.4
118.7a4.0
128.7+4.4
133.2+4.8
135.1&5.2
142.7&7.5
149.5+5.4
151.8~5.2
158.5+5.9
155.8&5.2
165.7&5.5
163.6as. s
169.6+5.9
171.6&5.6
176.7+5.9
187.4+6.7
188.1+6.1
193.2~6.3
68.5~4.4
78.4+4.7
86.2+4.9
87.0~4.9

100.0+4. /
102.9~5.4
101.5~5.3
114.9+6.3
120.5+6.5
118.4~6.4
133.3~7.5
139.6+7.7
143.3&8.4
148.8~7.9
153.3+10.1

171.7
179.4
191.1
200.3
207.6
219.3
226.2
233.2
245.0
250.4

89.0
99.3

102.3
108.9
110.2
112.3
126.1
134.1
140.6
150.8
153.3
161.7
168.6
171.4
176.7
178.4
187.7
190.0
193.9
199.8
209.6
214.7
223.5

65.8
75.4
84.4
92.8

100.7
108.3
115.5
122.5
129.1
135.5
147.8
153.6
159.3
164.8
170.2

7 s(5%)
7.8(5%)
g 1(5'%%uo)

8 4(5%)
8.6(5%)
g 9(5%)
& 1(&%%uo)

9 3(5%)
9 7(5%)
9 8(5'Fo)

& 5(5%)
5 9(5%)
6.0(s%)
6 2(s%)
6.3(s%)
6 3(5%)
6.8(5%)
7 i(5'Fo)
7 3(5%)
& &(5%)
7 8(5'Fo)
8 1(5'Fo)
g 3(3%)
g 4(5%)
g. 6(~%%uo)
g. &(&%)
9:0(5%)
9.& (5%)
9 2(&%)
9.4(5%)
9.7(5%)
9:9(5%)

10 2(5%)

5 3(7%)
5 7(7'Fo)
6 1(7%)
& 5(&%%uo)

6 8(7'Fo)
7 1(7%)
7.4P /o)
& &(&%)
g 0P%)
8 3{7'Fo)
8 8(7%)
9.0 7%)
93 7%)
9 5(7%)
9 &(&%%uo)

higher e values the disagreement between experiment
and LSS theory is more pronounced. For example, at

100, all experimental measurements are below the
LSS theory: F and Ne in Se and Ne in C by less than
8%, 0 in Be by 17%, 0 in C by 18%, N in Be by 19%,
and C in Be by 28%.

We have also taken the LSS value of (dE/dx) „q,
and added it to

(dE/d~). , „,„;.~*'"»=5.15X10 "(Z,+Z,) (e/eo)

eV cm'/atom (2)

to obtain a (dE/dx) t,&,&, where so is the velocity of an
electron in a hydrogen atom. The (dE/dx) &,«q is then

numerically integrated in p-e units to obtain what we
have called p(Firsov) as a function of e. The p(Firsov)
values are also plotted in Figs. 1 and 2, and it is seen
that agreement to better than 13% between experi-
ment and p(Firsov) is obtained in C in Be, N in Be,
and 0 in C. This agreement is better than that ob-
tained using pL88. However, the discrepancy between
p(Firsov) and p(expt) becomes as high as 30-37% for
F and Ne in Be, whereas pLss is within 0—16% for these
two cases. Four of the sets (0 in Be, F in Be, Ne in Be,
and Ne in C) agree with the LSS theory better than
with the Firsov theory. Also, it should be noted that
the qualitative dependence of p on e is more consistent
with LSS than with Firsov. This can be seen from
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FzG. 1. Range-energy data in dimensionless quantities p&, , and e for various ion-target combinations. p&, , represents the value of
range after projection correction. The curves are calculated according to the LSS and Firsov theories, where to the latter we have added
the nuclear contribution given by the LSS theory. $CI'4™in Al (Ref. 22); F in N (Ref. 23); Ne22 in Al (Ref. 24); Na24 in Al (Ref. 24) .g

Fig. 1, where the LSS theory predicts p (F in Be) to
be higher than p (N in Be) and that this in turn be
higher than p (C in Be). The experimental results

agree qualitatively with this prediction whereas the
Firsov-theory gives a reversed prediction for the p-e

values as a function of ion. In Fig. 2, it is also seen
that the LSS theory predicts 0 in Be to be higher
than 0 in C and predicts Ne in Be to be higher than
Ne in C. Both predictions are in qualitative agreement
with the experiment whereas the Firsov prediction is
the opposite to what is observed.

The LSS theory predicts that the electronic stop-

ping is

(de/dp). , =ke'/'

() 0793Z 1/2Z 1/2 (g +g ) a/2el/2

3
(Z 2/3+ Z 2/3) 3/4+ 8/2+ 1/2

with $ ~Zrr/e ——Zre rer. The k values of our measurements

vary from 0.097 for F in Be up to O.iii for 0 in C.
Aras et ul." in measuring fission-fragment ranges have
found that it is necessary to increase the power of the
exponent in (, from 0.167 to 0.21 to obtain agreement
between theory and experiment for the ranges of full-

energy Gssion fragments in Al. Ke have varied the

»
¹ K. Aras, M. P. Menon, and G. E. Gordon, Nucl. Phys.

W, 337 (1965).

exponent of P, =Zr" to see what value of e would be
needed to 6t our range data. The results are C in Be,
m=0.30; N in Be, e=0.28; 0 in Be, n=0.26; F in Be,
@=0.20—0.24; Ne in Be, e= 0.17—0.22; 0 in C, n=0.26;
and Ne in C, n=0. i7—0.22.

By way of comparison, we have included in Fig. i
other existing experimental measurements whose k val-
ues are approximately equal to ours and whose ranges
are in our e region. The squares are the CP4 "true"
recoil ranges in Al (k=0.13) of Ksplan and Ewarte2
and are, on the average, 20% below the LSS theory.
The hexagon is the "true" range of F in N (k=0.12l.)
of Bryde et af.ma and is 38% below the LSS theory.
The triangles and crosses are the "true" ranges of Ne"
in Al (k=0.149) and of Na'~ in Al (k=0.145) of
Poskanzer24 and are from 6.6 to 9% below the LSS
theory. The disagreement of our range measurements
with the theory is thus not inconsistent with other ex-
perimental comparisons to the theory in our e region.

B. Stoyying Power Measurements

It should first be mentioned that our dE/dx measure-
ments obtained from R= CE represent the total stop-

~ M. Kaplan and A. Ewart, Phys. Rev. 148, 1123 (1966)."L. Bryde, ¹ O. Lassen, and ¹ O. R. Poulsen, Kgl. Danske
Videnskab. Selskab, Mat. Fys. Medd. 33, No. 8 (1962).~ A. M. Poskanzer, Phys. Rev. 129, 385 (1963).
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ping power (dE/dx)t t. These values in keV cm'/pg
are tabulated along with their probable error expressed
as a percent in Table I.

Unlike direct dE/dx measurements where the nuclear

stopping power (dE/dx) „„canbe estimated and mini-

mized experimentally (for example, by using collima-

tion to restrict the angular divergence of the beam to
& 1 ), the present (dE/dx) t,,t, measurements include
both (dE/dx) „,and (dE/dx), ~., contributions. We can
only subtract (dE/dx), „, based on some theory, but
since (dE/dx) „in the energy region of the present
experiment is very small Lbeing of the order of 2 or

3% or less for most of the measurements and no more
than 5% for any of the measurements except 202-keV
0 in C (9%) and 301-keV 0 in C (6%)], the depend-
ence of our (dE/dx), q„on a theory is also very small.
It follows that our (dE/dx), ~ obtained by subtracting
(dE/dx) „, (LSS theory) from our (dE/dx)t t(expt)
can be compared to other more direct experimental
measurements of (dE/dx), ~ .

We have taken our (dE/dx), q values and expressed
them in the dimensionless units of Eq. (1) and divided

by the k of Eq. (3) and plotted them as a function of
c in Fig. 3. Our derived results are indicated by the

solid lines on the plot. The dashed line is the prediction
of the I SS theory. It is seen that our results are always
higher than the theory. The theoretical values may be
multiplied by a factor between j..2 and 1.3 to make
this discrepancy at the upper-, and lower-energy, ends
about equal. The numerical discrepancy in (dE/dx), ~

between the theory and experiment, from lower to
higher energy is C in Be, 24 to 10%; N in Be, 25
to 15%; 0 in Be, 29 to 23%; F in Be, 26 to 22%; Ne
in Be, 25 to 23%,. 0 in C, 27 to 2%, and Ne in C,
24 to 21'//~.

%e have included on the same 6gure several
(dE/dx), ~~ measurements of other experimenters. '""~

All available measurements have not been included
since the large number of points would obscure our
own measurements. The basis of selection has essen-
tially been to include ions whose mass was about equal
to or greater than that of the target-atoni mass (or
whose "k" value was similar to ours). It is seen that
most of the measurements are greater than the the-
oretical prediction of LSS, and that as in our range
measurements, our dE/dx values are not inconsistent
with other mreasurements in the present e region.

I' C. D. Moak and M. D. Brown, Phys. Rev. 149, 244 I'1966).
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Fxo. 3. The electronic stopping powers in terms of dimensionless quantities p and e for various ion-target combinations. Comparison
is made @faith the LSS theory.

%e have also compared oui results to Firsov s pre-
diction of Eq. (3), and find that (dE/dx), t

x'"'» is
greater than our derived (dE/dx), t„values. The dis-
crepancy, from low energy to high energy, is C in Be,
2 to 25%; N in Be, 10 to 24%; 0 in Be, 14 to 22%;
F in Be, 32 to 37%; Ne in Be, 39 to 42%; 0 in C, 9 to
25%; Ne in C, 8 to 11%.It is seen that the difference
between the Firsov values and the experimental values
of diferent ions in' Be tends to increase with increasing
atomic number of the ion. This may be due to the
oscillatory behavior of (dE/Ch), t as shown by Fastrup
et al."

Within the assigned errors (see Sec. VII), our
(dE/Ch), &., may be approximated by an exponential
function O'E~ Lthe symbols k' and p represent the
constants k and p used previously by other authors
(see, for example, Ref. 12)j. It is seen~afrom Table II
that the value of p for any ion in a common medium
increases monotonically with i.ncreasing Z~. These val-
ues of p for different ions in Be are in general agree-
ment with other measurements in C except for Ne for
which our value is, lower. As will he discussed below,
the disagreement in the values of p is not necessarily
significant. The ions 0, F, and Ne have nearly the

T~x.z II. Values of the parameters 8 and C of the function E.=CE~ used' in 6tting range-energy curves are given in the second
and third columns. The parameter p in column four is used in discussing (dE/Ch), I„.The last four columns give the comparison be-
tween theory and experiment for the average experimental range-straggling values and their standard deviations. (See the text for
detaBs. }

Ion and
target

Experimental
straggling
(average}
(pgfcm'}

Experimental
standard
deviation
{pg/cm')

LSS theory
straggling
(average)
(pgfcm'}

LSS theory
standard
devlatlon
(I g/cm&}

Cin Be
Nin Be
0 in Be
Fin Be
Nein Be
Gin C
Nein C

0.6377
0.6068
0.5717
0.5577
0.5475
0.6964
0.5576

2.952
3.593
4.521
5.243
5.557
2.024
5.339

0.37
0.41
0.43
0.47
0.48
0.34
0.48

44.9
40.1
44.0
50.9
55.2

12.2
8.2
9.6

11.0
8.1

29.6
32.7
34.7-

39.5
40.1

0.7
1.1
2.2
2.0
2.2

ts g is to be in kev. The calculated range and dZ/Ch vriH then. be in gag/cm~-and keV em'/yg, respectively.
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Flo. 4. The electronic stopping pomer of ¹ in C measured by several groups as indicated. The data by Ormrod and Duckvrorth where

calculated from parameters given in their article.

same (dE/Ch)~~ Ltherdore (dE/Ch), ~ j at all energies
of the present experiment. Ne ions in Se and in C
have nearly thc same stopp1Dg power throughout thc
energy region 500 keV to 2 MeV, but the 0 ions have
much lower stopping power in C than in Se. This be-
hav101 18 SCCD 1D Flg. 3.

For ¹ in C there are stopping cross section meas-
urements by Ormrod ef uk~ from 20 to 140 keV, by
Fastrup 8 cl.~ from 80 kcV to j. MeV, by Porat and
Ramavataram~ from 500 keV to 2 MeV, and range
measurements by Powers and Whaling and tlM pres-
ent measurements. The nuclear stopping (dE/dh) „,
based, on a Monte Carlo calculation by Ormrod et ul.
agreed with the LSS theory to within 10% while the
(dE/Ch). ~ agreed perfectly with the same theory. The
comparison of (dE/Ch), q~ for the Ne-in-C measure-
ments is presented. in Fig. 4. The perfect agreement of
(dE/Ch), ) by Ormrod et a/. with the LSS theory may
have been a special case in view of the oscillatory be-
havior of (dE/Ch), ~ with Zg. It is seen in Fig. 4 that
the data of Fastrup eI, cl."overlap partially the data
of the Ormrod group. The results of the former group
show that their (dE/Ch), q generally agrees with the
LSS theory in magnitude although their value of p
was about 0.7 while the theory predicts p=0.5. The
(dE/Ch), ~ measuiements of Porat and Ramavataram~
(p 0.64) are about 20% higher than the data of the
Fastrup group despite the better agreement in the p
values'

The (dE//dx), ~~ values obtained from the present
measurements are lower by about 14% at 2 MeV but

higher by about /% at 600 keV than those of Porat
and Ramavataram. Except at very high energies the
two sets of values agree within expe~ental errors.
Despite this general agreement, it was not possible to
use their p value to 6t our range data with reasonable
x probability. As mentioned earlier. '(Sec. V), we also
6tted the range-energy curve with+~three additional
data points at lower energies measured previously by
Powers and %haHngP These additional points tended
to lower our values of (dE/d~) ~g but not anciently
to bring them into agreement arith the data of the
Fast1up g1oup. Kc have also plotted 1n F1g. 4 thc
Firsov-theory prediction, which is seen to agree with
Porat and Ramavataram's values above j. MeV.

Our energy interval in 0 in C suKcientIy overlaps
the energy interval of Porat and Ramavataram in 0
in C for a meaningful comparison of (dE/&), ~ . Once
again their p value is higher than ours. At 400 keV
our (dE/dS) 6)gg 1s h1gher than theirs by about 15%
and at 1.4 MeV is lower by about 6%%uz with the same
general agreement as in the case of Ne in C.

%c have also used the data of Porat and Rama-
vataram of Ne in C and of 0 in C and. of the Fastrup
group of Ne in C to derive a range difference to com-
pare to ou1 xQcasured IaDgc diGerenccs. For thc data
of Porat and Ramavataram wc added their estimated
nuclear contribution (calculated by Bohr's theory' and
is esscntiaOy the same as that of LSS for these higher
energies where electron screening is small). We added
the (dE/Ch), , of the LSS theory to the data of the
Fastrup group, since the LSS prediction of (dE/dx), „,
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TABLE III. Comparison of range di8erences.

Knergy
interval
(MeV)

Range ditferences (pg/cmt)
Present Previous

measurements measurements'

0.4-0.6
0.6-0.9
0.9-i.2
i.2-i.5

0.5-0.9
0.9-i.3
i.3-i.6
0,5-0.8
0.8-i.0

42.9~3.6
56.9+3.5
51.8&5.0
48.i~7.6
66.2~4.8
54.0&4.0
35.7+5.2
51.2+5.0
29.4+3.9

47.3b

58.9
50.5
45,0

68.9b

50.8
3i.'i

~ Celculsted from measured, dB/Ch as explained ln the text.
b Reference 20.
o Reference 12,

creasing Z~ and there is insufhcient evidence to indicate
whether there is any oscillation. The results may indi-
cate that there is no pronounced oscillation at higher
cncrglcs Rs thc Fastrup dRta sccIQ to suggest. The lRck
of oscillation may also be due to insufBcient data since
we only covered the region Z;,„=6to j.o.

For comparison of dE/dx of different ions in the
same medium Northcliffe~ suggested using (1/Z;, ') X
(dE/Ch)t, t at a given velocity. This is based on the
Bethe-Bloch re1ation, which is valid at higher energies.
There is no real physical basis for expressing dE/Ch
in this form at our energies. Nevertheless, me may
treat this as merely an empirical parametrization that
enables us to compare our data to Northclifk's curves,
We found the quantity (1/Z;, ') (dE/Ch) t,& at a given
velocity for Z;, =6 to j.o to vary exponentially vrith
ZI, (see Fig. 5). That figure also shows that this sim-

agreed vnth the data of the Ormrod group at even
lower energies. The total dE/Ch thus obtained was
found to vary exponentially vQth E fol' thc I'eglons of
comparison. This feature greatly facilitates the inte-
gration. The integration of (dE/dx) t.& over an energy
interval will give a range difference that can then be
compared arith the range difference of our Gttcd curve
since it is from the 6tted curves we derive our (dZ/Ch) t,t.
These results are shovrn in Table III. %C see that the
agreement vrith Porat and Rarnavataram is very good
while the disagreement with thc Fastrup group secxns
to be I'cal.

If vFC plot our dcllvcd stopping cross scctlons velsus
Zi Rs done by othcl authors, tbc stopping closs scctlon
at a given velocity increases Inonotonically vrith in-

l.00— I
'

I
'

I
'

I

Orrnrod and Ducktttiorth v/vo a0.4i in C

FostruP tLt II'. v/vo « l. l 0 in C

—--Northctiffe Catculation v/vo & l, to in C

—Present Meosurernents in Be

0 4WWSW

l I l f l I 1 I t I t I

4 5 6 7 8 9 l0 l l i2 l5 l4 6 l6
Zion

Pro. .5. (1/Z;„) (dZ/ds) „&of different incident iona in Be and
C at various velocities. To the electronic stopping powers meas-
ured. by Ormrod and Duckworth and by I"astrup et al. and cal-
culated by NorthcliGe we have added the nuclear stopping power
given by the LSS theory,

I
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Fxo. 6. Range straggling of nitrogen ions in Be. o„„t,is the
experimentaQy observed I'WHM of the distribution of the
embedded iona which is nearly Gaussian. (See the text for details)

pie exponential relation docs not hoM for all values of
Z;, . In the same 6gure @re have plotted the data of
Ormrod, and Duckworth and of Fastrup sf al. and the
calculations from NorthchGC's empirical formula' after
adding the appropriate nuclear contribution as given
by the LSS theory. For our data in Be from s/so=1. 2
(a=2.7X 10s cm/sec) to s/ss 2 0(e=——4.4.X 10s cm/sec)
the slope varied from —j..82 to - j,.58. For data in C
by Ormrod and Duckworth at s/tIe-—0.41 and by
Fastrup ef aL at e/so=1. 1, the slopes are —2.11 and
—2.04, respectively. The value of the slope in C at
e/es ——1.1 using Northcliffe's calculation is —1.'D. These
results certainly shor that our data are internally con-
consistent, since otherwise such regularity would not
be likely.

s' L. C. Northchtfe, in Artattei Resistor of frldeor S lee,oetedited

by E. Segre (Annual Reviews Inc., Palo Alto, Calif. , 1963), Vol.
13, p. 6/.

s~%e wish to thank Professor NorthcEGC of gexas A R M
University for sending us his calculations.
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C. Range Straggling

In the experimental range measurements a distribu-
tion about the most probable range value is seen. The
experimental range straggling 0 p$ is de6ned as the
full width at half-maximum (FWHM) of the range
distribution in the target. A typical result of our 0 pt,

versus energy is given in Fig. 6. ,It is seen that the
experimental values do not appreciably diGer from a
straight line. This result was common to all our strag-
gling measurements in Be, and we have therefore sim-

ply averaged the several measurements for a given ion
in Be and have plotted the result for N in Be in Fig. 6.
We have tabulated the averages in Table II along with
the standard deviation of each ion in Be. Range strag-
gling was not measured in carbon because of the limita-
tion of the experimental technique.

The LSS theory gives an absolute straggling pa-
rameter (hp)'k'/p, with h given by Eq. (3), p=
4MrM2/(Mr+Mm)', and hp is the straggling in the
dimensionless p units of Eq. (1). In order to compare
experimental straggling to the LSS theory, we have
translated the LSS hp into ttg/cm' after reducing it
to FWHM, and have compared it directly to 0. ~& as
seen for N in Be in Fig. 6. We have also averaged the
LSS prediction over our energy region at energies cor-
responding to our measurements and presented the
average along with its standard deviation in Table II.
It is seen that our results are slightly higher than the
LSS theory, but generally within agreement to our ex-
perimental accuracy.

To obtain the parameters 8 and C, we let y=lnR,
A =lnC, and x=lnK The individual experimental
range-energy points R "&'+DR; &' at energy E; then
give a yi and x;, and weighting function

to.—(R expt/tt R..expt) s

with

Qi &i

i Mixi

Qi topi

i ixifi~ ~ ~ ~

i &ixi
(A1)

dE/dR is then given by (BC) 'E' ~.
The uncertainty in the curve is given according to

the treatment in Mathews and Walker~ as

h R,ourve/R. ourve —p) -1+2D -tx.+D -lx.271/2 (A2)

where the inverse matrix elements D;; ' are obtained
from the elements D;; of 0, above, in the usual way.
The relative error in dE/dx is

Lb(dE/dR), --/(dE/dR);--7
= LDn '+ (x '+ 1/B'+ 2x,/B) Des '

+ (2x;+2/B) D '7't'. (A3)

6 R ~rve and 8(dE/dR) '"'"' are relative errors, and the
absolute error is found by coupling independently
to these errors the error in h(pe)/(„e) as given by
Whaling" (4% for C and 3% for Be).

"W. Whaling, in Hundbuch der Physik, edited by S. Fliigge
(Springer-Verlag, Berlin, 19SS), Vol. 34, p. 193."J. Mathews and R. L. Walker, Mothorrtott'ool Methods of
Ehystos (W. A. Benjamin, Inc. , New York, 1965), Sec. 14-6.

Mi &' does not include the uncertainty in the proton-
stopping cross sections „e for Be and C used in cal-
culating R;~&' and dS;~&, since „& is obtained from
a smooth curve. " By minimizing the sum S=
g;&o;(y;—A —Bx;)' with ctS/ctA =0 and itSjitB=0 we

get
i +ixi

detD=—lnC
.2


