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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of -
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
_University of California.
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-ABSTRACT
The engle of emission of the Cér@n#ov r#diation is used to £ind the
velocity of a béém of protons, Their range is also measured and we obtain.
points of the range energy relation for energies near 340 Nev for Be, C, Al,
Cu, Sn and PE. Thé'data are used to evaluate_thevaveragé excitation eﬁergy

I for these substances. .Theiresults are summarized in Tablesli and II.
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The range energy relation for profons is interestiné for two pypeé of
reasons: its study has oonsiderable intrinsic importance as a problem of
physios; in addition the numerical resﬁlts are extensively used by ekberie
‘menters in'deﬁermining energies;

For high energies (300 Mev) many of the serious difficulties besetting
the very low energy part of the curve become negllglble end the formula of

1
Bethe

4 oy
%}Ec— - f;:g NZ <10g I?lvzz) p2 - Cl.‘/z> | (1)

can be used.:'Neglection'of the Cx term does not introduce an appreciable

error and the,only empifical constant entering the formula isvthe average
ionization energy 1. Bloch has shown ﬁsing the Fermi-Thomas model of the
atom that I is,proportioﬁal to the atomi@?number of the sﬁopping su.bsténce.2

| =Bz | | (2)
The “consﬁant? B has been.determined ﬁoriSeveral Substances by‘Bakker and
_Segre3 using the two valﬁes of I for Al and‘Be ﬁhich have been_determined in
an absolute way by "%1lson,4 and Madsen and Venkateswarlu.5

ThlS determlnation is only moderately accurate and it is clearly de51r-

gble to extend the experlment to an absolute measurement, ellmlnating the
necessity to use the results of W;lson, and Madsen and Venkateswarlu which
are obtained with light substanoes for which the statistical model is not
well spplicable. To do this & knowledge of the initial B = v/c of the

proton is necessery. TruLy this can be epproximately obtained'from the
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characteristics of the cyclotron accelerating the protons, but because of

the precession'of'the orbits and other'reasons this method‘is not very
precise. Deflectlon of the beam 1n ‘a known magnetlc field would also give
a way of measurlng 1ts energy, but although our deflected beam 1s very
monoenergetlc, as we shall see later, our deflectlng magnet is not call-.
brated to glve a prec1se absolute measurement of the energy.

Recently R. Mather has developed an apparatus to measure the angle of
- emission of the Cerenkov radlatlon 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 technlque affords an opportunlty to measure the
energy of the beam on an absolute scale and hence to determlne the range of

particles of known energy 'Integratlon of (1) gives '
-1 .
dE
f _ (3)

and the range R, and the llmlt of the 1ntegral E being known Eq. 3 is an
'equatlon w1th I as the only unknown,

For the practlcal ‘problem of determining the energy given the "range"
of a particle we have to examine a little more carefully what we mean by
range, The range given by (3) is the mean range: half of the particles
travel in the_material for a lengthhlarger than R and halfvfor a length
smaller than R. The length considered_is the rectified trajectorv and due
to multiple scattering this is notithe same as the distance from the en-
trance point- in the material of a blane perpendicular'to the initial direc- -
tlon of the‘bean throughlwhlch‘half ofithe‘particles passt{ Clearly the
mean renge glven by (3) is larger than the latter "rangem measured as indi-
cated above, whlch we shall call R*, We can have a crude. estlmate'of the

1mportance of thls effect by the following cons1derat10n whlch gives R- R*.

R
- Divide the range R in small lengths I8 and call 81 the angle between 24
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and the‘direction of the incoming beam. We have
. R-FRr= E:ﬂi cos B = .Ei%-ﬂi 6&2 : ' (4)
if ©; is small and cos ©4 is approximated by 1 - %59-2, Now the average

value of ©;° is

62 _ 3 o | .

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

We replace in (4) the sum by an integralvand use (5) to cbtain

R- Rt =—2% B )
R R* B 2x1836/;) <log E_(x)> dx.‘ : ’ - (6)
If we assume R =E'* 72 which is a good appfoximatibnvof the range (7)

energy relation, we have

- R¥
R~ RFk = —-fiﬁg————— or R-B 2

2x1836x1.75 _ R 6400 (8)

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

| Our éxperimental arrangement is practically the same as the one used
by Bakker and Ségré in their investigation mentioned above. The deflected
beam of the 184;inéh cyclotron is collimated to l-inch diameter, paéses
- through the Cerenkov radiation apparatus aﬁd enters an ionization chamber
full of argon at.atmospheric pressure. The chamber is clesed by foils of
vcopper-beryllium alloy, 2 mils thick, and its interior walls are of aluminum
7‘mg/cm2 thick, The depth of the part used is 5 cm end the diameter is 10
em, Afﬁer paSsing through‘this chamber the beam goes tﬁrough_a variable
copper absorber carried by a‘wheel° ‘This absorber can be varied from 0 to
8.62 gram/cm2 of cppper'in 12 equal steps. After having passed the variable
absorber the beam goes through a staék bf‘plates of the material under

investigation and then pasées through an ionization chamber identical to the
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oric described above, The ratio of the ionization current in the two chambers.
is plotted as a function of the absorber between the two.
Ve compute all thicknesses of the wheel absorbers, w1ndows, etc., in
gr cmﬁzafequlvalent 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 smali fraction of the total thicknesso
As an example of the curvés obtained the case of lead is shown in Fig. 1.
We must now obfain from these data the megn range, I1f we call i(t) the
ionization per cm of argon in the ionization chamberbproduced by a single
particle at distance t from the end of'its range in thé absorbing material,

and assume for the distfibution of ranges due to straggling the gaussian

form of probability S (R--R,*)2 _ ‘
. . 1 . .
P(R) = (2n) 2 e 2 - (9)
we have for the ionization measured in our chamber V
(x-K*)% _
-1 . -
=k(2n)2c1fe a2 i (- x) ax (10)
Assuming a new variasble (t - x)/0 = u and calling (x - R*)/o = v, formuls
10 becomes . (u#v)z
I=Kfe 2 i (u) du (1)

where K is a constant., i is represented accurately enough by
i = const, £ 0:46 (12)

and we compute numerically the integral

_ (xp)? '
£(x) = fe 2 4040 )

This is given in Fig. 2, f£(x) uses a unit of_length the standard deviation
6f the gaussiano‘.lt will.be noticed tﬁa# if we normalize the ordinates in

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

occurs at that value of the thickness fof which f(x) is equal to 0,82'times
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its maximum, This is hence R¥,

The experimental stendard deviation of the renge distribution, Texps is
obtained by comparing the experimental curves with Fig. 2. ¥We normalize
them‘by multiplying the ordinates by such factors‘as to make the maxima of
Athe curves equal, ‘We tﬁen multiply the absciséae of each experimental curve
by such a factor that the thebretiéal and experimental curve may be superim-
posed ‘upon each ‘other, The thickness of material in the experimental curve
correspondinglto x = 1 in the thgdretical curve is the experimental standard
deviation. , ‘

Theoretically the straggling éan be calculated with the formula of

6
Bohr
3

62 = A‘nN‘_Zel* f ' (g_@- aE | (14)

The values of C of Table I areicomputed by numerical integration from

theor
_ ' 7

Eq. 14 and the values of dE/dx given in the tables of Aron et al, 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

. 1 _l ’
2 . _ z (dE .
(Gexp o?t,heor) - (dx> AE ‘

Numerically AE is given in column 7 of Table I. It is clear that AE/E is

AE we obtain,

about 0.5 x 10'2, a vefy good definition of‘the beam energy.

Unfortunatély there is a disagreément betweenvthese computations and
experiment which is not entirely clear to us. If we examine Fig, 1, the
experimental (solid curve) and theoretical results (dotted curve) agree for
the region of the curve past the maximum, but not fbr the region preceding
it. More protons have sufferéa a larger loss of energy than we expected.
There are several possible reasons fér this, the most probable being the

effect of nucleer collisions, but we have been unable to account for this
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effect quantitatively. We do not think however that it affegts the determi-
natien of R. Weiestimate the standérd deviatioﬁs 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

to an error of 0.5 gr cm”™< in the range and hence most of the uncertainty

- comes from the energy measurements., The unceftainty in energy AE (column 7

of Table 1) if present is too small to produce an_appréciable broadening of
the Cerenkov line and is not detectable in this way. From figures analyzed

as indicated above we have the following results.

Table 1

Eﬁ:;gy Kbsorber gr?im'z gr/iﬁ”z ' g:>2m72 éi?gﬁ’z agv‘
339.7 4Be 76,68 76.73 0.65 0.91 -~ 1.75
339.7 6C 69.97  70.03  0.62 0.8 1.83
339.7 1381 79.26 .42 0.75 1,04 1.8
338.5 BAL TBAT 7863 075 0.92 1.0
337.9 290u 91.43 9l.84 092 1.12 1,44
338.5  a90u 9136 9LTT  0.92 1,25 1.89
339.7  a90u 92.27 9260  0.92 L2 188
397 s0Sn 106,58 107.41 -- 1.50 --

339.7 g2Pb 122,80 124.37 .35  1.90 2.32
338.5 aPb 121,21 122,76 1.35 - 1.84 2.25

With regard t§ the chemical‘puritz of the samples used. we have these
data: - ' )

Beryllium: 99,9 percent

Carbon: 99+ percent

Aluminums 99,2 percenf,‘impurities Fe, Cu

Copper: 99.9 percent, impurities O, P

-
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Tin: 99.8 percent, impurities Pb, Sb, As

Lead: 99085 percent, Bi 0.15 percentl

In order to anaLyze‘our data further we have reported in Table II the
ehergy, material, rectified experimental range and the range calculated by
Aron et al. for the substances studied. As shown by column 5 Rpron -~ R is
a small'quantity showing that Aron's tables are quite accurate. it'is
however possible to further improve them by changing the value of I used in
their calculation in such a way as toAbripg them in exact_agfeement with
the experimental‘reSul£s,‘ This has been performed by Aron and theé vaiues
of I thus obtained are given in column 6 of Tabie,II° Column 7 gives I/Z
for the same substances.

It will be notedvthaﬁ IAl is practically identical Wifh the value of
150 ev found by Wilson in 1940 and Ipe is also in excellent agreemént with
the measurements pf lMladsen and Venkéteswaflug For the other substances our

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

Segre.
Table II
. E&:igy fosorber gr/?ﬁ’z | grﬁgggz Rér}ci'g | iv o Iéz

3397 4Be 76,73 ST . 2,16 59.0 1475
339.7 ¢ . 170,03 €9.40 -0, 63 Uik 12,91
339.7 13A1 79.42 79.40  -0.02 - 150.3 11.56
338.5 1381 78.63 7895 - 032 155 11.19
337.9 29Cu 91.84  97.72 0.88  312.3 10.77
338.5 290u . 91,77 93.01 1.24  304.0  10.48
339.7 290u 92.69 93.53 0.84. . | 313.4 10.81
339.7 508n 107.41 -~ - , :
339.7  gofb 124,37  127.15 2,78 828.7 10.11

338.5 goPb 122,76 126,45 3,69 792.6 9.67
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