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I.M. Vasilovskiy, I. I. Karpov, V. I. Petrukhin, Yu. D. Prokoshkin gﬁ
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i
1. Introduction. L:
" Ionization energy losses of charged particles in a substance :f
are described by the well-known Bethe-Bloch formula, -
R
dE 8 * )

- oo © - l- C - epm— .
- However, if in this formula we use corrections Cq, which consider ;é
~ W
the connection of the electrons only on the K and L shells of the %E
atoms [1],-*heyd magnitudes of the ionization potentials, Z (which, by - - §?
definition, must not depend on the velocity of the particle_BQ? in ﬂi:
region of low proton energies (E <100 MeV) for heavy elements prove X
QAI

to be considerably larger than those at high energies, [2, 3 _4]. )
The calculation of corrections of §, which are connecfed with”the P
effect of density, does not change this deduction, since at energies at

E ¢ 700 MeV magnitudes of 4 are insignificant [5].

In the high energy region corrections Cq are small, and the

error in their determination has little effect on the accuracy of %:
measurement of the ionization potentials. When the energy E is de- nj
creased, the corrections Cq1 are rapidly increased, and together with ‘J}
Ck and Cp, a substantial role should be played by corrections for the 4
higher electron orbits (CMq, Cy ...). To determine these corrections 33
(the theoretical data about which are as yet absent) a semiempirical ﬂg
procedure [6, 7] was proposed: by analogy with Cg and Cp, the total *ﬁ
correction C is approximated by the polynomial ;;
) »
CoZlioto v . (2) :'i
N
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where q’.p’/(p-p’). Coefficients aj are selected so that formula
(1) would describe well the experimental data with ionization poten-
tials I not dependent on energy [7]. This procedure is equivalent

to the fact that values of I are found from data obtained at high
energies, and for low energies, on the basis of relation (1) and
experimental data on izgization energy losses and paths, the correc-
tions C are determined.  Thus studies of ionization losses in the
region of high energies are the main sourqf of EP? fxpﬁrzgggpal in-
formation necessary for the correction of.rela%+eﬁ~f1) and determina-
tion of magnitudes of ionization potentials I.

The purpose of this work was to measure the magnitudes of ioni-
zation losses dE/ds, paths R and ionization potentials I at a proton
energy of E 670 MeV. The measurements were taken by the relative
method for different suhstances of x, and the magnitudes of

i
© qy=(dE/ds)y/(dE/ds)p] and PX?RX/RAI were found. Quantities gy and

fx weakly depend on the energy E+
1.0 +AB) o q (BN 00 25, (3)
where at E=200-600 MeV, a=(2-4)-10-2 for different substances. The

proton energy was determined with an accuracy of 2 MeV. This error
in the measurement of E corresponds to the indeterminancy in qyg, -

A}

equal to (O.5-H)-10'“, which is less than the error of measurements

of gqx by an order of magnitude. . - C e )

. e c

Measurements of qyx and fX make it possible to determine the
magnitudes of relative ionization potentials I'yx=Iy/Ip) and, after
normalization, the known value of Ipj, and to find the ionozation

.potentials of different substances Iy. Magnitudes of I} weakly de-

pend on Igjp:

Al
1

1201, +ALg)el’(l,, Mieb N ()

Al

where b=1/15. The indeterminancy of quantity Ip) does not exceed

2%. This corresponds to a determination error of I} equal to 1.5-10-3,
which is less than the experimental error of I by an order of mag-

nitude.

2. Procedure of measurements.

Measurements of paths and ionization losses of proton energy for
Al, Cu, Sn, and Pb were taken on the derived proton beam of the

2
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kﬁ\ synchrocyclotron of the Laboratory of Nuclear Problems of 0IYal

Ak ' (Joint Institute of Nuclear Research]. The proton beam was shaped
w by means of a deflecting magnet and a system of collimators. Char-

31‘ ' acteristics of the beam were investigated earlier by the method of

:zﬂ the magnetic sprectrometer [8]. The distribution of protons with

EQF, respect to energy E is described by the Gaussian curve with the

;;' standard

_\gs\ A, = (28:0,8) MeV ] (5)

\ X The mean energy of the protons in the beam depended on conditions of

KD the beam extraction from the synchrocyclotron and was measured with-

';2 in limits of 660 to 670 MeV.

‘;; Paths of protons in different substances were determined by the

e method of the Bragg curve. A diagram of the experiment 1is given on

'(‘ Fig. 1. Placed into the proton beam were two thin-walled ionization
IRe chambers 8 cm in diameter, IK1 and IK2, and located between these
;%i were the main filter F of the substance being studied and an addi-

ﬁ:ﬁ tional wedge-like filter. Placed behind the ionization chamber IK2

o was a small mobile scintilllation counter C, which operated in the
.L% integral mode. The profile of the beam was determined by this coun- -

ij;} ter, and its adjustment was made with an accuracy better than 1 mm.

%{* The current of the ionization chambers was measured by means of

) electrometrical amplifiers EMU-1 and recorded by recording potenti-

»72 ometers EPP-09. To avoid pickups, the ionization chambers and trans-

'rﬂﬁ mission channels and feed channels were carefully screened. The

\gg power feed of the chambers was accomplished from shielded galvanic

3 elements.

th The first chamber IK1 measured the intensity of the proton beam

Tﬁ: going to the filter, and determined by chamber IK2 was the Bragg

~: curve B(s) - the dependence of the current of the ionization chamber

::_ on the thickness of the suppressor filter s. In the process of mea-

Kot surements, the thickness s was measured (by means of movement of the

.bﬁ wedge) synchronously with movement of the tape of the potentiometer,

5”” on which a continuous recording of the Bragg curve was made. At the
198 same time of the recording of the Bragg curve, datum marks, which
- correspond to the recorded values of the wedge's thickness, were

§?§ applied to the tape. The standard Bragg curve is given on Fig. 2.
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rig. 1. Diagram of the experiment. P - proton beam, K - output col-

limator, IK1 and IK2 - ionization chambers,
2 - signal electrode, 3 - remote movable electrode, Q - wedge-like

1 - high-voltage electrode,

electrode, F - main filter, C - scintillation counter, EMU[SMY] -

electrometric amplifier, SI [CWU] - system of precise display of posi-
tion of wedge, I[W] - integrator, EPP[3NN] - recording potentiometer.
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Fig. 2. Bragg curve for protons in copper when E=660 MeV.
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:? \ between filter F and central electrode of chamber IK2 =8 cm. B(s)
§$, - results of measurements. Calculation curves successively consider
:TL [9]: scattering of beam protons with respect to energy and fluctuation
ﬁ?: ~ of losses of energy (Bg), multiple Coulomb scattering (Bj), nuclear
gﬁ, interaction (Bp), and meson formation (B3). Key: (1) relative units;
g&{ . (2) g/cm2.

N

S Two wedge-like filters, aluminum and copper, were used in mea-
f&i surements of the paths R. The main filters F were made of graphite,
}% aluminum, copper, and lead. The thickness of the filters s (in

* g/cmz) was determined by the weighing and measuring of dimensions of
;f the specimens with an accuracy better than 5-10'“. Measurements of
‘ﬁ% Bragg curves for each substance were repeated with several sets of
N specimens making up the filter F. The obtained values of the paths
iﬂ: coincide within limits of errors of the measurements. To increase

& y the accuracy of determination of the relative paths, the recording

5{ of the functions B(s) was repeated again and again in each series of
§%' measurements for all the substances studied.

N In the measurement of the relative suppressor capacities qy,

k;: quantity R for aluminum was determined; then one of the specimens

*;s of the aluminum filter F was replaced by the specimen of the sub-

‘g stance x being investigated, and again the quantity R was measured.
:! This operation was repeated agin and again, and the thickness of the
%;f specimens was equivalent in suppressor capacity to 30 g/cm2 of Al.
ﬁii To raise the accuracy of the measurements, the differential

yfﬁ operating mode of the ionization chamber IK2 was used: measured was
'ik' the difference of currents in the first and second parts of the cham-
jﬁ‘ ber separated by the central electrode with a thickness of 1.2 g/cm2
,}i Cu. Here, unlike the standard mode, voltage of the opposite sign
P was applied to the two external high-voltage electrodes of the cham-
:i_ ber. Adjustment of the differential mode (compensation of currents
.jﬁ: : in the first and second parts of the chamber) was carried out by
'ﬂ¢ changing the distance between the central and second high-voltage

ik; electrodes of the chamber. The standard differential Bragg curve

tﬁ: B'(s) is given on Fig. 3. Use of the differential ionization chamber,
%ﬁ together with the increase 1in accuracy and speed of the measurements,
'ig also makes it possible to check the energy spectrum of the proton

)
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beam. The energy resolution of the differential chamber is sufficient
to reveal the impurity of the protons,* the energy of which differs
from the energy of the main beam by several MeV (Fig. 4). [Footnote¥®
As the experiments in Berkley showed [11], the derived beam can con-

tain an impurity of low-energy protons. ]

l'(ll.-H-(,)

1
(]
]
[
]
[}
]

«»p N\,

.

Fig. 3. Differential Bragg curve B'(s) for protons in copper when

E=660 MeV and =8 em. Solid curve - results of the measurements,
dashed curve is calculated by the Monte Carlo method [9]; circles -
Gaussian function with the standard (7) approximating the calculation
curve B'(s). Key: (1) relative units. .

3. Shape of Bragg curves.

Magnitudes 6f paths R were determined by comparing the measured
Bragg curves and dependences B(s) computed by using formula (1). The
calculation of dependences B(s) was done by the Monte Carlo method,
which considers the fluctuations of losses of energy, the scattering
of particles with respect to energy and repeated Coulomb scattering
and the nuclear interaction of the particles [9]. Since the effects
of scattering depend on the geometry of the experiment, calculations

6
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of B(s) were made for the same specific conditions in which measure-
ments of the paths and ionization energy losses were taken.

o, 1
'P o o '
u b < o

A A A i

m 200 w ., w 20 0o 250 200
3. e Cus ’ s’ o Cua
. (z) N

Fig. 4. Resolution of the differential ionization chamber. B(s) and

B'(s) - Bragg curves and differential Bragg curves measured for pro-

tons in copper. Part of the proton beam is covered by a polyethylene
filter, in which the initial proton energy E=z660 MeV is decreased by

23 MeV (a) and 11 MeV (b). The distance between the datum marks is

2 mm Cu. Key: (1) relative units; (2) mm.

The scattering of the protons along paths caused by fluctuations
of energy losses is described by the Gaussian curve with sufficient
accuracy. The standard of this curve ¢, Was calculated by Sternheimer
for different substances [10]. Since the scattering along the paths,
which is connected with the initial scattering of the proton beam
with respect to energy (5), is also well described by the Gaussian
curve [8], then the resulting distribution of protons along the paths

can be represented by the Gaussian curve with the standard

- %
oo o= (o ’0:)- (6)
-7 where '

oy =4, WE/ds)"
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A *
‘R$ ‘Calculations of functions B(s) were made for a number of values
‘Cf: of at different distances of 4 between the filter F and central
) electrode of the chamber IK2. Figure 5 gives results of the calcula-
i%ﬁ; tion for copper with the path of the protons of Rcu=260 g/cmé and
‘ﬁk: =4 cm. As is evident from the figure, when the scattering and
{gf nuclear interaction of the suppressing protons are not considered,
f;& function B(s) virtually does not depend on & in the vicinity of point
Ay $0=0.9997 Rcy. This value of s corresponds to B(s()=0.792 B(s)pax,*
X fﬁ where B(s)pax is the value of the Bragg curve in the maximum (see
a > Fig. 2). [Footnote*: The values of sg and B(sg) differ a little from
B those computed by Maser and Segre, who use the approximation function
_i? dE/ds(s) in the calculations.] If we consider the scattering and
i%g nuclear interaction of the protons, the intersection point of the
N curves sg is shifted to the region of large paths. This shift weakly
G, depends on ¢ . Quantity B(sg) with [word illegible] £ is little
{?EZ changed. When £ )10 cm, B(sg) is rapidly decreased with an increase
{?: in £ . A similar result is obtained for other substances.

In a comparison the forms of the measured and computed functions

-
e

of B(s) were normalized to unity in the maximum B(s)pax and were com-

bined in scale s at point sg. At the same time, quantity o was
. ) fr%m the least-square method)
i varied (formula (6)). The value of from copper, was found equal to

:)' 0 =(3.06+0.09) g/cm? Cu when [?]=260 g/cm2. The calculation value
L?ﬁ of oy [10] was used, and hence we obtain Ag=(2.8+0.3) MeV, which

EES concurs with data of the direct measurments (5). The computed and

‘;H: measured Bragg curves agree well with each other when s )R (Fig. 2).
{7f In the region up to the maximum there is observed the difference be-
}gﬁ tween the curves, which 1s connected, possibly, with the approximation
S nature of the calculation [9].

YA

:fi The following procedure was taken in determining the paths accord-
s ing to the Bragg curves: the value of s'g corresponding to B(sg)=0.79
zif B(s)pax, and then there were introduced calculation corrections which
".':. consider the initial shift of Asg of point s'g with respect to s=R,
‘€§ . taking into account the scattering and nuclear interaction of the
protons) and the shift due to the scattering (A si) and nuclear inter-
Hx action (As2) in cm.
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Eﬁf Fig. 5. Shape of the Bragg curve B(s) in the vicinity of point sg for
*?E: protons in copper when E=660 MeV and ¢ =4 cm. 1, 2, 3 - ¢ =4.59, 3.06
:{ﬁ and 1.53 g/cm2 Cu, respectively. a - calculated without taking into
{-A account the Coulomb scattering and nuclear interaction~of protons,

ﬁﬁ b - taking Coulomb scattering into account, ¢ - taking into account
}i the Coulomb scattering and nuclear interaction.

%3 Key: (1) g/cm2.
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és 5. When Rgy=260 g/cm2 and f =8 cm, these corrections are equal to
W 0.03%, 0.47% and 0.07%, respectively; the total correction of

:_ BRe«A3, +As, +As, t0 the path measured at point s'g is 0.57%. It

:' should be noted that in the measurement of the relative quantities

:% qx and pyx, the precise selection of [word illegible] and determination
Qh of the path on the Bragg curve 1s not as significant as that in the

L_ measurement of paths Ryg, since the replacement of one substance by its
ii form of the Bragg curve in the vicinity of s'g 1is insignificantly

:é changed. -

L Differential curves of Bragg B'(s) were computed by the method

5: similar to that described earlier (let us note that B'(s)#dB(s)/ds

;f because of the scattering and nuclear interaction of the protons).

;\' The calculation values of B'(s) agree with the measured curves when

‘ s)» R (Fig. 3). Differences in the curves in the region s< R can be
.;? explained both by the inaccuracy of the calculations and by the in-

iiﬂ sufficiently compensated mode of the differential chamber.

;g In the region beyond the maximum, cuves B'(s) can be approximated
“' by the Gaussian function with standard “ang (Fig. 3), which at values
jb of & close to (6) is proportional to ¢ : -
:"\ “omp = kO (7)

o and the quantity k is close to unity (for copper k=0.91). The use of
AN relation (7) makes it possible to determine the quantity ¢ on the

ai basis of measurements of the differential Bragg curve. For copper,

‘E when RCu=260 g/cm2, o =(3.0%0.1) g/cm? Cu, which agrees with the

zﬂ value computed from formula (6). The position of the maximum sq of

f; curve B'(s) also depends on the quantity o ; however, this dependence
j; is weak: with an increase in ¢ of 3% (i.e., within limits of the ac-
i) curacy of the experimental determination), the quantity sq is in-

f‘ creased by 0.015%.

-

E i 4. Paths of the protons.

Eg To determine the paths of Rx and relative paths of Py several

}H . series of measurements of Bragg curves were carried out. During the
ﬁj experiment, which. lasted for about two years, the operating mode of
;ﬁ the synchrocyclotron was repeatedly retuned, which resulted in a

change in the energy of the derived beam E. The magnitude of E in

10
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i A\ each series of measurements was determined from the proton path in
gﬁ} aluminum; furthermore, it was monitored with an accuracy of 0.05 MeV
" on the position of the maximum of Sy by the differential Bragg curve,
:{; which was repeatedly measured during a series of measurements.

;iﬁ In the first series of measurements the magnitude of s'O for Al
ég ' was obtained equal to (224%70%0.07) g/cm? Al. The correction to the

measured path s';, is equal to ¢ R=(0.88%0.08) g/cm@ Al. Hence
Ry;=(225.4%0.1) g/cm2. Using I,,=(160%3) eV, we obtain E=(660%2) MeV.
The indicated error of E is determined mainly by the error of measure-

:”-’

ment of IAl' In the subsequent series of measurements, the quantity
E varied from series to series within 660 to 670 MeV. For convenience

X
‘".

-

of comparison, the obtained magnitudes of Py and q, are given below

for one value of energy at the input to the wedge-like filter E=660
MeV.

.'t.*.?' :

P

- Simultaneously with RAl’ the proton path in copper RCu was mea-
sured (with the use of a copper wedge). A comparison of the obtained
b magnitude of R., with results of preceding measurements [4], where
simultaneously with the path of RCu the proton pulse was determined,

f'n showed that E=(660%1) MeV. The ratio 1ps, of measured paths in alum- 4
)ﬂr inum and copper (without taking corrections of § R into account) proved
; 5 to be equal to 0.865%0.002. The magnitude of Pc, Was measured also
~) by the relative method with the use of the aluminum wedge (aluminum
‘;2 filter F was replaced by copper, and values of R were compared). In
4 this case the proton energy at the inlet into the filter F consisted

n of E=625 MeV. The obtained value of Pcu by the relative method (see
Table 1) agreed with the value found by comparing the total paths.

e Measurements of the relative paths p, were made also for graphite and
lead (Table 1).

W [See Table 1 on next page]
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Table 1.

Relative paths of protons when E=625 MeV.
X /e ' (Boxxpuxa. % Ve, "1/ e, /11/
c I,11840,002 0,1140,01 I,11940,002
AL I 0 ) I

¢ | 0,86740,002  -0,2740,02  0,8650,002 0,866
P | 0,656:0,002  -0,9440,I0  0,65040,002 0,654

Key: (1) correction, %.

Ac small‘f the shape of the Bragg curve was virtually unchanged
with replacement of one substance of filter F by another. Thus, the
difference in magnitudes of Rx, determined by comparing the Bragg
E max and 9.82 B(S)max’ when € =8 cm consisted
of a total of (2-5)-10 . With an increase in ‘f the effects of the
scattering become significant, and the difference is increased; when o -
¢ =30 for Po, it is equal to 3-10_3.

curves at points 0.79 B(s)

5. Ionization energy losses.

Measurements of relative ionization losses of energy q, were
taken for four different positions of the exchanged specimen inside
the aluminum filter F. Effective valuese%%£%9;¢+ corresponding to
these positions were determined as E ¢ :O.6(E1-E2)+E2, where E1 and
E2 are proton energies at the input and output from the adjacent
specimen. The obtained values of relative losses of q* (without taking
corrections for scattering of ax into account) and q, are given in
Table 2. Check measurements were also made for the quantity ey ?

by when E3?¢ =600 MeV, when a copper filter F and copper wedge werew
e used, and a replacement of the copper specimen in filter F by an
,% aluminum specimen was made. The difference in the values of dcy
gl .

measured by the two methods was found equal to 0.0001%0.002.

i [See Table 2 on next page.]
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Table 2. Relative Ionization Energy Losses
qx=(dE/ds)x/(dE/ds)Al

WY G LA VA T RTT A R TTE eV T8 T e W R TET ST

7
Bacip. }V 110 800 420 600
;

e I,12710,008 I,11840,008 I,II640,003 I,II440,002
.cx 0.22 ;0.03 0‘16 10;02 O.II 10.02 0'05 ﬂQOI
. 1,29 40,008 1,12040,008 I,1I740,003 I,T1540,002
loe 0,858¢40,008 0,87240,004 0,87I+0,003 0,873+0,002
o5 | 0,67 10,15 0,48 40,07 0,32 30,08  -0,1340,02
o 0,85240,006 0,86840,004 0,86840,008 0,87240,002
l;. 0.73030.m4 0,75210.003 0,75710.003 0'75%0'003
h.'ﬁ ‘1.2 10.3 -°.9 10’2 "0'6 :0'1 -0.20 ’_0.0“

0,72130,005 0,74510,004 0,7524C,004 0,7584C,003
Sa .
" 0,68740,008 0,65940,008 0,66I+0,008 0,6G740,003
”.7- -1.7 _1.0,3 -Iga :O’Z -0.9 10'2 "0.26 10'03
.. | 0,62640,005 0,65110,004 0,65530,006 0,66540,008
Key: (1) MeV.
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Fig. 6. Relative braking capabilities qxz(dE/ds)x/(dE/ds)Al. The
circles show results of measurement of Qs the squares - 1/p, With
the appropriate effective energy Eﬂa*f and dark points - data of
this work. Results of other works are indicated by brackets. Mag-
nitudes of qy s obtained on beams of deuterons and particles, are
given in the equivalent energy of protons. Introduced into the data
of Bakker and Segre [13] is the correction for the multiple Coulomb
scattering. Values of q,, and Upp when E=20 MeV, are computed from
data with qc4 and 9¢, - [Words are illegible] that 1=s. The curves
show results of [words illegible] according to formula (1) with the
use of corrections (2) of values [?] of potentials, are given in
Table 3 [?]. The [words illegible] show the corridor of errors
which correspond to [words illegible] determination of the relative
ionization potentials I*,
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Figure 6 gives values of ay found in this work jointly with data
of preceding measurements. Given here are the obtained values of \
f’x with values of effective energy E9¢¢ =0.6 E corresponding to them. \

’ As is evident from this figure, values of ey and Qpp obtained by \
the method of photoemulsion [11], exceed both the results of the re- \
maining investigations and the values of Px measured in this work |
and are not decreased with energy E, as should be in conformity with
(1). This divergence cannot be explained by the fact that in the
work mentioned the correction chx was not considered; it consists,
by our extimate, of not more than 0.2% for copper and 0.4% for lead,
and the introduction of it does not eliminate the difference.

6. Ionization Potential of Atoms

The obtained values of Px and q, were used for determining the
relative ionization potentials Iizlx/lal‘ Potentials Ix were found
by normalizing the values of Ii on the value of the ionization poten-
tial of aluminum IA1:16O eV. Values of I; were determined by taking
into account the corrections C introduced according to the semi-em=-
pirical formula (2) [7] and corrections Cy and Cp. 1] (with replace-
ment of f32 by »Z2 [6]).

,
*
B,
<
.

-
»
4

o

-

The ionization potentials found from data on relative paths Px
are given in Table 3. The errors pointed out in the table corres-
pond to experimental errors of determination of I*, and we do not
consider errors of measurements of IAl equal to 1-2%. As is evident
from Table 3, the introduction of corrections C1 changes little the
values of the ionization potentials for carbon and copper. In the
case of lead, this correction is significant: the decrease in the
ionization potential connected with it exceeds the error of its
measurement.

Magnitudes of ionizatfon potentials, found from data on the rela-
tive losses of energy q, are given in Table 4. The relative ioniza=-

tion potentials I/ obtained in measurements of the paths and losses
of energy, agree with each other and coincide within limits of the
‘ errors Wwith results of the measurements taken by us earlier by the
\ method of magnetic spectrometry [U4] (Table 5). Table 5 gives values
\ of potentials found by means of the averaging of results of measure=-
\ ments in the region of high energies (E > 100 MeV).




[ 0

. P
o XX X

P
GBI YA

)

-

e ]

- g - e

FalRdF i iy peca

-4

- e

;’«,fx"s“;',_s a"i:

Table 3. Ionization Potentials Obtained from Data on Relative Paths

(l:o)npun c x(x; )gp—ne (2{7/ C + cy/l,G/' B(e% ?oupanox c,
I, 0,51540,008 - -
1., 2,02 40,04 2,03:0,06  2,0440,0% )
I, 5,204 0,11 5,540,1 5,4 10,1
Ic.08 & 82,441,3 - -
J,, 98 160 160 160
I.. o3 | 32326 32446 32636
I 08 | 31418 839418 856418

Key; (1) Corrections; (2) from formula (2); (3) Without correction
C,.
The potential I as a function of the charge of nuclei of atoms
of the braking substance is described by the empirical formula
les(®ose™ W ) oV (8)
(see Fig. 7).

By using data of Table 5 on values of I* and corrections (2),
the dependences of q, on energy E were computed. As is evident from
Fig. 6, these dependences describe well the experimental results.

In conclusion let us take this occasion to thank R. V. Bogdanov
and D. A. Prokoshkin for their conducting of the chemical analysis
of the substances used in this work.

[Tables ¥4 and 5 and Fig. 7 on next two pages. ]
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Table 4. Ionization Potentials Obtained from Data on the Relative

Losses of Energy
- I: . I. » 93 (5)
ga'm.u(s;)’ c{:;x}p.c M) (357 160 28)
Qomne(2)77/ ¢aE 1.2/ Ges nonganox 5)
00 0,50340,008 - -
20 0,5044+0,0IL - -
00 0,51840,010 - -
10 0,570,010 | 0,52240,010 | 0,52140,010
(6)c peraee 0,511+0,007 82+1
00 2,0240,04 2,0240,04 2,0340,0
20 1,99%0,05 | 2,0040,05 2,0040,05
00 1,9440,07 1,9440,07 1,9540,07
i0 2,0240,07 2,0240,07 2,0440,07
(¢ )cpoxaee | 2,0040, 32045
00 3,3740,10 3,3840,10 3,3940,10
20 3,I740,11 3,18¢40,11 3,1940,11
00 3,23;0,12 | 3,2440,I2 3,2640,12 ,
10 3,5740,I5 | 3,4140,I5 3,4740,15
(6)Pexaee | 3,2540,09 525414
00 [5,200,16 |5,2880,1f  [5,3340,16
20 5,2640,20 | 5,:50,21 5,4240,21
00 5,0940,2° | 5,1540,20 5,2740,21
10 8,920,271 | 5,2240,29 5,4940,31
(6)”‘593 5.1610.13 m
Key: (1) MeV; (2) corrections C from formula; (3) With correction;

(4) without corrections;

(5) ev;

(6) average.
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Table 5. Ionization Potentials from data Obtained at High Energies

] [ ¢ [} ,

werox(4) 1 ' S M Le WY I e L. 1, In
Pk (:%u\ Spar~

- 'r:;gz.ﬁkae-o.sxm.ca 2,0240,06 = 5,204C,II

{4 Q).

f\'g;"‘m 8650 59511s0,007 2,0040,03 3,284C,09 5,1640,13

pacdore

csﬁgggggxéggf C.5I54C,C06 2,C130,08 3,2840,09 5,I80,10 - 32s1 160 32245 525414 880417
- |
G S N (,53510,020 206646003 3,2 40, 5.2 20,2 K

nsen bpoira
._.5(.’:&.0:.(/;3/ - LS, - S,I401

Qc.u:mcﬂ CyST62C,CLE 2,023C,C2 3,2440,08 S5,1610,08 17 22 82,5¢13 160 92345 S18413 826414

/e ey I,3840,16 I,II€4C,017 I 0.5C620,0I8 0,84340,021 C,E1240,0%
vz 17s+2 13,8 0,2 I12311,I30,2 10,4 40,2 10,1 40,2

(1) Method; ‘ ) _
Key:A(Z) Bragg curve (this work); (3) diffusion Bragg curve; (4)

Average (this work); (5) Average data [3], magnetic spectrum, Bragg
curve; (6) photoemulsion [11]; (7) average.
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Fig. 7. x - dependence of ionization potential I. Curve - function
(8), points - data of Table 5.
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Manuscript received in publishing department on 20 September 1968.
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