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ABSTRACT
The angle of emission of the Cerenkov radiatien is used to find the
velocity of e beam of protons, Their range is also measured and we obtain
points of the range energy relation forlenergies near 340 Mev for Be, C, Al,
Cu, Sn and Fb. The data are used to evaluate the average excitation energy

I for these substances. The results are summarized in Tables I and II.
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The range energy relation for protohsvis interestiné for two types of
reasons: its study has bonsiderable intrinsic importence as a problem of
physics; in eddition the numerical resﬁlts are extensively used by ekperi—
‘menters in determining enérgies.

For high eﬁergies (300 Mev) maqy‘of the serious difficulties besetting
the very low energy parf of the curve bééome negligible and the formula of

1l
Bethe
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Tt w2 (1°.g a3 P &

can be used. Neglection of the Cx term does not égtroduce an apprecisble
error and the only empirical constent entering the formule is the average
ionizetion energy I. Bloch has shown using the Fermi~Thomes model of the
atom thatAI is proportional to the atomic number of the stopping substeance.
I.= BZ ' (2)
- The “consﬁant"‘B has beénvdetermined fdr'several Substancéé by‘Bakker and
kSegrBB using the two values of I for Ai_and Beé which have been.determined in
an absolute wa& by Wilson,4 and Madsen and Venkaiesqarlu.

This dete;mination;is only modérateiy accurate.and-it is clearly‘desir—
gble to extend tﬁe experiment to en gbsolute measurehent, elimihating‘the
necessity to use the results of Wilson, and Madsen and Venkateswarlu which
are obtained with light SubStances for which the statistical model is not
weli epplicable, To do this a knowledge of’;he initial B = v/c of the

proton is necessary. Truly this can be approximately obtained from the
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characteristics of the cyclotron sccelersting the protons, but because of
the preceesion‘of the orbips end other reasons this method is not very
precise, ‘Deflection of the beam: in a known magnetlc fleld would also give
a wgy of measuring its energy, but although our deflected beam is very
monoenergetlc, as we shall see later, our deflectlng magnet is not call-'
brated to give a preclse absolute measurement of the energy.

Recently R. Mather has developed an apparatus to measure the engle of
emission of the Cerenkov radiation produced by the beam in a piece of fllnt.
glass: and has perfected this method to. such an extent that it glves very
-accurate values of ﬁ ThlS technlqpe affords an opportunlty to measure the
energy of the béam on an ebsolute scale and hence to determine the range of

particles of known energy. 'Integration of (1) gives

=
f dE (3)

and the range R, and the limit of the integral E being krown Eq. 3 is an
equation with I as the only unknown.

‘For the practical7problem of ‘determining the energy given the "range"
of a particle we have to examine a little more carefully what we meen by
range, The range given by (3) is the mean range: half of the particles
travel in the material for a length larger than R end half for a length
smaller than R. The length eonsidered.is the rectified trajectory and due '
to multiple scettering this is not?the same as the distence from the en-
trance point in the materiel of a‘plane perpendicular to the initial direc- -
tien of the‘beaﬁ throughlwhichihalf of the.perticlee pass, ' Clearly the
mean renge given by (3) is larger than the latter "range" measured as indi-

ceted abo#e,:which we shall eall_R*.. We can have a crude estimate of the
‘ R-R*
- N - - R )
- Divide the range R in small lengths {; and call 8 the angle between 4

importance of this'effeet by_the-following'consideretion which gives
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and the direction of the incoming beam. We have
.~ R-Rr=2J; cos 83 = ) 912 : (4)
if ©; is small and cos 63 is approximated by 1 - %—912. Now the average

value of 912 is

6.° . 4
1 1836

o]
(o]

423
3

5, (5)

This formula is a crude approkimation obtained from Williams formula and Eq. 1.

We replace in (4) the sum by an integral and use (5) to obtain

. “R
Z EQ?)
- R¥* o ————— .
B RS ou1836 fO <1°g Bx) & (6)
If we assume R ~EL*72 which is a good appfoximatibn_of the range (7)

ensrgy relation, we have

7 Ry R-R¢ 2
B = msmeas R 64,00 (8)

The values of R in Table I are obtained from the values of R;e directly
observed, with the help of Eq. 8.

| Our experimentsl arrangement is practically the same as the one used
by Bakker and Segr% in their investigation mentioned sbove. The deflected
beam of the 184-inéh cyclotron is collimated to 1l-inch diameter, paéses
through the Cerenkov radiation apparatus aﬁd enters an ionization chamber
full of ergon at atmospheric pressure. The chamber is closed by foils of
copper-beryllium alloy, 2 mils thick, and its interior walls are of aluminum
7 mg/cm® thick, The depth of the part used is 5 cm and the diameter is 10
cm., After passing through this chamber the beam goes through a variable
copper gbsorber carried by a wheel., This asbsorber can be varied from 0 to
8,62 gram/cm® of copper in 12 equal.steps, After having passed the variable
absorber the beam goes through a stack of plates of the material under

investigation and then passes through an ionization chamber identical to the
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one described sbove, The ratio of the ionization current in the two chambers
is plotted as a function of the absorber between the two.
We compute all thicknesses of the wheel abserbers, windows, ‘etc., in
gr cm"zd‘equivalent stopping power as if they were composed of the same
substance as the main absorber, using the results of Ref. 3. The thickness
of these absorbers are in any event a small fréction of the total thickness,
As an example of the curvés obtained the case of lead is shown in Fig. 1.
We must now obtain from these data the megn range. If we call i(t) the
ionizetion per em of argon in the ionization chamber produced by a single
particle at distance t from the end of its range in thé sbsorbing material,
and assume for the distfibution of réhges due to straggling the gaussian
form éf probability ' % (R-R*)z

P(R) = (2P e 20 : 9)

we have for the ionization measured in our chamber

_ x-R*)
I=k (20) %o f i(t-x) &x (20)
Assuming & new variable (t = x)/0 = u and celling (x - R*)/o = v, formula
10 becomes | _ Lgtzli
1oxfe T iwa e
where K is a éonstant. i is represented accurately enough by
i = const, t~0-46 (12)
and we compute numerically the integral |
_ (=) | |
£(x) = fe 2 470,46 g (13)

This is given in Fig. 2., £(x) uses a unit of length the standard deviation
of the gaussian,‘llt will be noticed tﬁaﬁ if we normalize the ordinates in

éudh a way as to call the maximum i, then £(0) = 0,82, This means that, no
matter what the value of the standard deviation, the center of the gaussian

occurs at that value of the thickness for which f(x) is equal to 0.82 times
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its maximum. This is hence R¥.

The experimental standard deviation of the range distribution, Cgyp, is
obtained by comparing the experimental curves with Fig. 2, We normalize
them by multiplying the ordinates by such factors as to make the maxime of
the curves equal. We then multiply the ebscissae of each experimental curve
by such a factor that the thebretical and experimental curve may be superim-
posed upon each other. The thickness of material in the experimental curve
corresponding to x = 1 in the theoretical curve is the experimental standard
deviation,

Theoretically the straggling can be calculated with the formula of

6
Bohr
3

52 = 4nNZe4f (%>- dE (14)
The values of Stheor of Table 1 are computed by numerical integration from
Eqs 14 and the values of dE/dx given in the teables of Aron et al,7 It will
be noticed that they are about 0.75 times the experimental value. If we
try to attribute the differende to inhomogeneity of the energy of the beam

AE we obtain, . N
ey~ oo () o

Numericelly AE is given in column 7 of Table I. It is clear that AE/E is
about 0,5 x 10'2, a vefy good definition of the beam energy.

| Unfortunately there is a disegreement between these computations and
experiment which is not entirely clear to us. If we examine Fig. 1, the
experimental (solid curve) and tﬁeoretical results (dotted curve) agree for
the region of the curve past the maximum, but not for the region preeceding
it. More protons have suffered a larger loss of energy than we expedted.
There are several possible‘reasons for this, the most probsble being the

effect of nuclear collisions, but we have been unable to account for this
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effect quantitatively. We do not think however that it affects the determi-
nation of R, We estimate the standard deviations of these measurements to
approximately 1 Mev for the energy and 0.2 gr for the ranges. Since dE/dx

2

is of the order of 2 Mev/gr cm ~ at 340 Mev, an error of 1 Mev corresponds

2 in the renge and hence most of the uncertainty

to an error of 0,5 gr em™
comes from the energy measurements. The uncertainty in energy AE (column 7
of Teble I) if present is too small to produce an appreciable broadening of

the Cerenkov line and is not detectable in this way. From figures analyzed

as indicated above we have the following results.

Table I

Eﬁ::gy Absorber gr?im'z gr/gm“z g:.cmfz éi?gﬁ“z agv
339.7 ,Be 76,68 76,73 0.65 0.91 1.75
339.7 6C 69.97 70,03 0.62 0.88 1.83
339.7 1341 79.26 .42 0,75 L.04 L84
338.5 1AL T84T .63 0.75 0.92 1.40
337.9 29Cu 91.43 9.8 092 1.12 1.4k
338.5 29Cu 91.36 9177 0.92 1.25 1.89
339.7 29Cu 92.27  92.69 0.92 1.2 1.88
339,7 s0Sn 106,58  107.41 - 1.50 —-

339.7 goPb 122.80 124.37 1.35 1.90 2.32
338.5 goFb 141,21 122,76 1.35 1.84 2.25

With regard to the chemical purity of the samples used we have these
data:

Beryllium: 99,9 percent

Carbon: 99+ percent

Aluminum: 99.2 percent, impurities Fe, Cu

Copper: 99,9 percent, impurities O, P
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Tin: 99.8 percent, impurities Fb, Sb, 4s

Lead: 99085 percent, Bi 0,15 percent

In order to analyze our data further we have reported in Table II the
energy, material, rectified experimental range and the range calculated by
Aron et al. for the substances studied. As shown by column 5 Rppon - R is
a small quantity showing that Aron's tebles are quite accurate. it is
however possible to further improve them by changing the value of I used in
their caelculabion in such a way as to'brigg thém in exact agreement with
the experimental results. This has been perfofmed by Aron and the values
of I thus obtained are given in columﬁ 6 of Tabie II. Column 7 gives I/Z
for the same substances.

It will be noted that 1,4 isvpractically identical with the value of
150 ev found by Wilson in 1940 and IBe is also in excellent agreement with
the measurements of Madsen and Venkateswaflu; For the other substances our

results agree quite well with the less direct measurements of Bakker and

Segréo
Table II
(nerey  Mbsomer R, Bm Molr, L 2
339.7 4Be 76.73 U.57 . -2.16 59,0 14.75
339.7 70,03 69.40 ~0.63 Uhyols 12,91
339.7 1341 79.42 79.40  -0.02  150.3 11,56
338.5 1341 78,63 7895  0.32 145.5 11,19
337.9 29Cu 91.84 = 97.72 0,88  312.3 10.77
338.5 290u 9177 93.00 1.2 304.0 10,48
339.7 29Cu 92,69 93.53 0.84. . | 313.4 10,81
339.7 5080 107.41 == | ’
3397  goPb 124.37  127.15 2.78 828.7 10.11

338.5 goFb 122,76 126,45 3.69 792.6 9,67
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