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High Velocity lange and Znergv-Loss Measurements

———

in AL, Cu, Pb, U and Emulsion

-

- . | o
. Walter H. Barkas and Sten von Friesen

Lawren:e Radiation Laboratory

Univarsity of California
Becrkeley, California

ABSTRACT

Heasurements wefé madc of relative stopping powers of several
m&terials»in the proton energy intervals 750-600 Msv, 500-450 Hev,
4§0~300'Mév~and 75050 Mev, By collimation and magnetic analysis a
"peneil beam" free of degraded particles was extrécted_from the 1840

erclotron. Using this beam in "good geometry” the stopping powers of

AL, Pb, U and emulsion were neasured relative to Cu.

The totael ranges yield the most accurate estimates of the mean

excitation potentials. It i assumed that the mean excitation poten-

tigl of Al is- 163 e.v., and that at 750 Mev. substantially all the

tight binding corrections required are those for the K and L shells,

.The mean excitation potentials in e.v. found with these assumptions

aver’ copper, 323; lead, 826; uranium, 917; and emulsion, 328. The re-
sults from the differential_utopping~power measuremants are in general
accord with these data. However, the agreement of the différential
neasurements with the theoretical ratios could be improved by raising

the above mean exnitatidn-pomentials‘of Al &and Pb or by lowering

oy ‘ ' . . .
Permanent address: Department of Physics, University of Lund, Lund, Sweden
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trose of copper, uranjum and emulsion, This experiment confirms the

general shape of the I/Z wvus Z curve found by Bakker and Segré, and

"~ when similarly normalized, i¢ in reasonable absolute agreement, The

"stetué_of the emulsion range--energy table is reviewsd in the light‘of

ttese and other relevant measurements., Incidentalvobser§gtions were
mzde on the scattering, straggling and attenuation behavior of a
highly collimated monoenergelic beam of protons which was brought to

regt in a large block of copper,
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High Velocity Ranges and fnergy-Loss Measurements

in Al, Cu, Pb, U and Zmulsion-

—

.

: < . 3
Walter ‘H. Barkas and-Sten:voniEriesen:

‘Lawrence Radiation Laboratory

Univer:sity of California
Berkaley, California

I. INTRODUCTION

The problem presented Ly the stopping‘of a charged particle in
ﬁéﬁtef has intrinsic interest,‘ It is also of considerable practical
impertance for deriving particle energies from range meaéurements..

o Because the Bethe-Bloch theory of stopping is derived with an
assmumption ﬁhat the particlé velociﬁy is large compared witﬁ the velow
civy éf the atomic electrons, the approximate applicability of the
) theury at lower velocities is largely a matter of good fortune. At
“atcurtainvlow-velocity, it briaks down coumpletely, ﬁoreover, there-is
no‘ﬁrescription for correcting the'theory at the lowest velocipies;
at ‘ntermediate velocitics oniy piecemeal and progressivély less reli~ -
~able theoretical procedﬁres'are avallable to correét for the-tighta ‘
binding of the K’ shell, the L shell, the H éhell, ete. |

-In ﬂhé iast fgw yearé the work of Lindhard aﬁd écharffl hés held -

forth the promise of a formalism with a greater range of validity. Their

st ' ' . ' o : o :
1Pwrmanent address: Department of Physics, University of Lund, Lund, Sweden



.
o

-t

tw

‘the mean excitation potential.
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theory extends the possibilivy of calculation to much lower velocities.,

"It applies best to materials of high atomic number for which a statis= |

tical description of the el@ctrcn density is valid, For these elements,
the tenability of the Beths-illoch theory always has been questionable o
except at very high velocitics., On the other hand, their formulation

hae not as yet the simple elogance of the Bethe-Bloch theory. A way has

nct been found to express the whole effect of the stom-dynamics by a

sirgle parameter such as the mesn excitation potential. .Accurate energy=--

lces calculations have not been attempted with this theory, although com—

 pmtations somewhat in the spirit of the Lindhard-Scharff theory have baen |

me.cie.2

At relatively high velocities, the Bethe-Bloch theory, with small
ccrrections, remains the most practical means for caleulating energy-loss
retes, Some of the current problems in comnection with it are: a) how
the shell corrections ére to be made so that the mean excitation potential
is velocity independent, =nd b) how this velocity-independent mean excita-
tion potential depends on the atomic number.

Much of the range and energy-loss data from which the éxisting in-
Zormation is derived have been obtained at such low velocities that large
tight binding corrections are required, and the wﬁy in which these are to -
be nade ié somewhat obscure. This is especially.true of the M shell
andvhigher corrections, For this reason, measurements-at sufficiently
high velocities for the ‘shell effects to be small are best for defining.
.3

o . N ) .
Measurements by Balker and Segre” were made st a proton energy

of 22300 Mev, so that the shell effects were not large, and they were
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dicregarded. Total range measurements for high proton velocities were
made by Mather and Segrg.k The -interpretation of these results has been
uncertain because experiments at lower velocitiés? have tended to giVe=
higher corrected values for the mean excitation potehtials than those
resulting from the measurements of Mather and Segr%.

It has been suggested6 as a possible explanation of this discre-
parcy that when the fange is large, nuclear interaction effects become
Impertent, so that nuclear SCuttering‘as well as coulomb scattering tends
to shorteﬁ the projected rang:, (i.e., the mean depth of penetration of -
charged particles which are incident normal to en absorbsr)., When the
rangﬁuamounts to as much as one mean free path for a nuclear interaction,
suck an effect is expected alieady %o be serious. %hereas the data of
.Bakker'and'Segfé should be rel.atively insensitive to this effect, it is .
thbught that the results of Muther and Seggé are affected., They msasﬁréd
tgtal ranges, and the geometry of thelr detector was such as to accept
prétons'scattered.through larse aﬁgles, Only reiative stopping powers
were measured by Bakker and Segf@, so that raising or lowering of the
mean excitation potential of 4l to which their data was normalized, afw
fenis theif derived excitatioz potentials. In addition, tighi-binding
effects should not be neglect:d altogether in caleulating ﬁean excitéfion
poientials of heavy elements from their data. ;

To aid in resolving sone of the existing problems‘regarding
stopping powers, we thought it woﬁld be useful to carry out an expériment
in.which special care was exercised to eliminate known interfering effects.
Ve have designed this experiment a) to use several—proton‘energies all

so ‘1igh that shell corrections are small, b) to minimize scattering
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corrzsctions by using & "good-gsomatry" experimental arrangement,

¢) to work with elements of toth high and low atomic mumbers, and

d) to include materisls for which absolute range-energy measurements

or'raiiable theory exdst up tc high energies.

A difficulty in thé anj loynent of high particle velocities for
the leterminatlion of the mean sxecitation potentials is that the energy-
ioss rate becomss insensitive to the mean excitation potential,.and very
good accuracy of measurement is demended.

..In this new experiment we have employed the proton beam of the
18L" cyclotron to make meagurszents in "good geometry" of the relative

stopoing powers of AL, Cu, Pb; U and nuclesr-research emulsion., The

. bean energy was known to be close to 750 Mev, Relative stopping

powers in the energy intervals of 750-600 Mev, 600-450 Mey, 450-300 Mev,
and 750-0 Mev were measured with errors that in most instances were

soms tenths of a percent., Emulsion was included in the experiment be-

‘eaus? in previous work7 its absolute stopping behavior has been studied

throaghout this velocity interval. It was thought that it would provide

a me2ans, in addition to the renge in aluminum, for absolute energy cali-

bration, and the experiment would provide an over-sll check of highe

enerzy range curves,
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‘II, APPARATUS

The experimeni was designed to utilize theAexternallproton
beén‘of the synchrocyclotron. Fig; 1l showé échematically the arrange-
me&i of the cyclotron,and'other pleces of equiprent referred to below.
Ths de flecting ystem; D, i~ of the rege erstive type. The dsflected bean,
on reaching a cyclotron radius where the flcld wag weak, passed. through
a_pre-magnet goliimator C-1, and was subsequently bent by the steering

magiet M-l sé as to be accurately parallel to the collimator C~2 through

which it passed {with the aid of tho quadrupols lens ) into the experi-

mensal area beyond C-2.

 The ccllima+or C-2 wes of brass 40 inches long, The aperture

n 43 R
in: Lt was a vert*0¢l §%~ % *%* slit. From the collimator the'beam

emarged into the experimental area through a tb¢n-walled ionization

~ chasber by means of which the beam current was monitored. The beem . BN

thin traversed about 3 feet of air befors entering the field of an

'ahi:yzing magnet, M-2 (magnet THOR) where it was bent through an angle of

11 degrees. -Precise adjustinants of position, rotation and tilt of this

mamet were necessary. The virtical clearance between the pole faces of

rmamet, M2 was 5/32M, The »1rase plate 8, which filled the magnet'aper-

tuee vertically, limited the seam on its low momentum side. The edge

adj&cent to the beeam was cut In the arc of a circle. When the beam-

passed through the analyZing:nagnet, the.field was adjusted so that fhe

yOLnt of maxinmum 1ntenblty of the bean followed a path with a radius of -
cumrature about 1/8n greate, than tnat of the cdge of the brass plate.
The plate therefore acted.as‘z "scraper" which effectively eliminated

dejgraded components of the beum which had insufficient momenium to clear it.

:

T~
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After the beam eﬁerged from the analyeing megnet most of its
eross section was contained 41 a circle of about 1/4® diameter, but
owing to small angle scatteriag within the analyzing magnet, a rweak

degraded "halo" surrounded th: central core of the beam. This was

elininated-by the lead collimator C-3, which was tailored to the cross

gseciional structure of the veas so that noré of ‘the central core of the
bea was intercepted but the *halo™ was largely elininated. - The longi-
tudinal divension of this collimator, 15" , was made greater than the

_ 4 \ -

raﬁge‘of the'protons.\ AR T ot N

ifter emerging from C=3 the bean was considered to have met R

 sufliciently stringent requirsments, and was permitted to traverse ab-

‘sorhers, the energy losses in which were among the subjects of this -

investigation,
*"  The absorbers were in the form of rectangular parallelopiped "
rods or bars, In cross saction they were 1¥ x 1", The protons traversed

thase bars longitudinally, - This insured that if a proton were deflected

—_ !

- thrmugh an appreciable scatteringiangle it would emerge from the side of
ths absorber and be eliminated from the beam.- The emulsion absorbers were
constructed by cubting out a large number of 1" X 1" squares of 600

10d 2roin T1ford G;Svémulsion which were taped into bars. At point P of -

Fiz, 1 the beam enfergd a range épalyser.in the form of a2 wedge absorber
with 5 nuclear track plate as the dstector. The éehétructioa of this
weigé'analyzing instrument‘iévshown in Fig. 2¢ Except vhen the U: vedge
was used, the nuclear itrack plate was of 1" x'6" glass costed with

Iiford C.2 emulsion; either 50 or 200 microns in thickness. With the
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U wedge, 1" x 1-3/8* plates were employed. Each platé was wrepped in -
black paper to exnlude.light-,but,care was taken to provide good.contactv"
bebue en tb° emuleion coated. face of the plate antﬂthe inclﬁngd sﬁrface
" of the metal wedge. On¢ end of the plate was made accdrately flgsh with _;
the tapered end 6f'the wedgé; s all measgremehts-on the plate were to be
- taken with respect to Lhﬁs, the farked end of the plate...
. The dimensions in m;lllneters of the wedges fabriested of tpe:dif-'

ferent metels ars given in Table I,

Table I
a b c d %
A 62 158.5  25.4 - 1.6 '%
©Cu - 6.0 158.7  25.4 1.6 %
Pb 6.3 1586  25.2. 19 |
U 0. 241 . 240 0.3 |
5 _ :

I U e e A e e e s e e e e ER
FE ST AR A S . N T O v T VP [ T O UR N S L U S T TR

- The lateral and vertical posiiioning of.the wedge was established
by findlng the beam trajectory with no absorbers in p031t10n. The distance
to ths wedge, about 40 inches from the colllmator C-3, was’ maintalned for
all exposures. "This distance nust be at least equal to tha ranga of 750
Mev protons in Al (% .1 metez) -

| hbsorbers I, II end IIT as listed in Table II were calculated
to bfing the proton'energy dowr to about 300° MHev in ;hree steps’ 750—6OOVP
liev, SOOfAEO Hev, 450-300 Hev. The remaining energy was to be expended in
the cappef wedge absorber described above. In addition the totel range

- was found in the metals by providing absorbers plus wedges of the same
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material calculated to bring the particles to rest near the middle of the
: waage. In Table II these me.sured ranges are listed. The. absorbers were
supported by a\light aluminwy channel, end were located so'thaﬁ the_gen—j*
ter of each type of absorber, I, II, or III was maintainéd at the éaﬁe

pusitibn regardless of the material,

’
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{II. }XPERIMENTAL PROCEDURE

For an experiment suck as this, it is important that the beam
be monoenergetic, or at least that its structurs be known; A preliminafy
inVastigationg was made, anc it was found that the i .analvsed beam coming
thiough the collimator C-2 was CQmplez; consisting of at Jezst two compo;
ne1:s, B and B' emerging at a small angle with respect to each ofher.
Th@ mean range of B' was l2ss than that of B by about 10%. fThe
spicad of ranges observed in B' was 2 or 3 timés as large as that
in B. The beams could also be resolved from each other by their time

of emergence from the cyclotron., For analysing the itemporal bchavior of

the beam, a scintillator wes placed in the beam after it emerged from C-2,

While it would have becn interesting to study this effect further,
. . { I
there was insufficient time allotted to the expariment for us to make a

detziled investigation of the orisin of the second beam, and we simply
< iy b ]

j

undertook to eliminate it.

The collimating slit C-1 ~conatructed so that the width and
( :
lateral poszition are adjustable. By reducing this slit-width to 1/4"

fute
9]

and varyipg it; pogition, it was fpund that the relative intensity of
bean B! was affecied, and & position was found where'its,presence‘wés
not detected | |

Afterﬂthe currents in qxadrupoie & and, magnets ¥-1 and H=2
were optlmlyed regulat*nr enu;nﬁent maintained the fields constant to a
few parts in th ‘The currense in ¥-2 and Q wefé-also personally
monitoyed by thelexperimenters.' The ‘structure of the bean créss-éeétion’%'
was studied at various points beyend where 1t emerged from C-2. This

s done with standard 1-3/14' x 1~5/8" films used in film badges for
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. railation monitoring. These could be exposed, developed, and fixed in a‘ 
fen minutés, and were verj convenient for the purpose. Figure 3a 1s the
imsze recorded in this way of the double beam struéturé at the entrance

to magnet He2 , and Fig, 3b is the image after B! .yas eliminated.
Figares La and 4b are similar prints that show the actualhgize of the
bews at the entrance éo C-3 and at the point where the. beam reached

thz ab sorbe .

As a supplerent to this experiment the absorption, scattering, and
straggiing behavior of this highliy collimated beam of protons was obsérved
as it was stopped in & "semi~infinite! block of copper. These results are
,sﬁmnarized in Aﬁpendix A,

Exposures were made as Tollows: To determine total ranges in Al,
,‘Cu,.Pb, and U , absorbers ani wedges of the same meterials were placed

in vhe beam. To ﬁetermine relative differential stopping powers, exposures
wérw made with these materials and emulsion absorbers successively placed
'in each position I, II, and IlI, while maintaining copper absorbers in all
.othur positions., Hach exposure was carried out twice,”once'with a detecting
platie of 200 ‘ﬁicron emulsion and once with a 50 micron plate. Interw
leaﬁed with the other gxposurss, were 15 in which:the abgorber was copper
alone.  These exposurss were :zade to give us an external measure of the
bean étability and our measur:cment error.

The intensity of the eﬁposurelwas determined by preliminary
tests and an exposure of 1 iinute at 4.5 x 107° emperes measured at’

: ' -intensity

the entrance to the experimen:al arcawas adopted. This/fturned out to be

sat.isfactory except for the 30 mnicron emulsion sxposure t¢ obtain the
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totel range in U, Only a se:ll fraction of the beam intensity sur-

vived to this detecting plate. In 50 micron Cv2 emulsion, the

- treck segments of protons emeiging from the U wers %ery badly

scattered, and were very shori: so that only poor differentiation between
bewn. protons and backzround wias obtained, Fortunately, a good range

spectrum was obtained from the 200 micron plates.'
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The 50 micron plates were analysed atherkelej and:the inde;'
pendantl& exposed 200 ﬁicron plates were scanned in Lund. The 200
micron plates were of somewhat better guality and were more completely
anelysed. The 50 micron pletas were also carefully measured and
served aé a check on the 200 micron plates. In the final analysis
déuble welght was assigned to the Lund plates. No serious discrepancies
were found, howsver, so the woighting was of littls importance.

| The plates were examin<d under oil immersion with either 60x or _
1003 objactives. Each plate was scanned as follows: The plate was

mounted on a microscope stege so that it could be translatecd slong its

2

lorgitudinal or x-axis, the arocunt of this translation being defined as
x . It was possible to adjusl the reading'to be zero at the end of the
pla£e that had been aﬁ the tapered end of the wedgze. A4S x was increased
frcu zeroy first no tracks were seen, then a region in whiéh protons.were
seen endingliﬁ the emulsion w:rs passed. Scanning wasvnot begun unﬁil a'f-
region of the emulsion was recched where proton endings again were noﬁ
seen, but a flux of proton trecks directed gensrally along tﬁe k-axis

was visible. The plate was then scanned by Eoving it so that the ob-

_server followed the tracks in the direction in which the particles were

goirg; toward small values of x. Protons coming to rest in the emulsion
wexe'counted in each 1 millimeter or each 1/2 millimeter interval of

X , . and in 5 yaintef#al defined by limit iines in the microscope ocular.
To te counted, the angle of entrance of-é'tréck into the emulsion was

recuired to be less than 450 to the x-axis.
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The tracks seen to terminate between x = xl millimaters and C

X =00 + 1 millimeters frmn tha end of the plate were recorded as. .

&

5 meaearing the density of endLnas at X = .1‘* 1/2 millimeters._ Nore'

than- one traversal cf the plata was made if the. intensity'was low, but

the scanning was confinud to 2 narrow band along the long axis of the

. plahi}.

o Because the platps were inclined at an angle, @ , equal to

arc han [(c-d)/(b-ai] , & corzectzon was required for thls inclinatlon.'

; The finite thickness of the erulsion and the thickness of the covering

paper and tapé was also incluced in the. calculsted stopping poaitions‘of';
the particles.after & mean value df x was found on each plate.

i The range distribution'derived from 7 exposures of 200 micron A
plates in which all—copper abzorbers Qere used is shewn in Fig. 5.

It ‘will be noticed that an asymmetry exists in the peak there
“tail”

: being an excess of low energy particles. ‘The:/is probably explainable as

'residue'of beam B', to the.presence in the beam.of.degraded,partlcles

frem collimator scattering; ard possibly to inelastic nuclear processes.;"

Neveftheless‘this beam was re;arded as "cléan”‘enough for carrying out

¢

precise range maasuramenta.,'

As a practical means fmr eliminating the effect of the low energy

)""il”, a prelininary range estimate was found. Then the parts of the- '

spectrum exiandlng beyond I'?.5%'of this range were onitted in thevfinal

rargs average. As may be seeu from Fig. 5 the straggling in range,
: Y

arising from all causes; isihardly;more than»thevtheoretical range,“

straggling,. thus indicating?ﬁhat the beam energy remained constant, the

Y
v

AL YR
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scattearing effects were amall g 3 and cbsewer and instnmental errors did

{

not eeriously affect the data. e | o
Numerous density measum ments of the absorbers were made. 'I‘he U
' _abscrbars were cut from pieces of denqity 18, 81.8 - 0.005 gfee , which
was est.ablished by wel:;)*ing am* measuring the damensions of pieces after
’chejz final accurate machinim into the form of rec'oangular parallelopipeds.
I\’eacmrements on the 5 pieces of. lead ga‘va densities of 1. 324, 11,298, .
| 11;395, 11.252, and 11.315 g/¢c. These differe'd enough so their ipdiv1-
dual. densities wers used. The\dergéitv' o'f-the Al was det—ermiﬁed to Ibe
-2.7852 s 0'0017 g/cc. The almlinum, however, was actually an alloy, 3
| .#c.fd[q., of nominal com*)osltion AL:93.48 s uu.h.Sn , Mn10.6% , and
Mg 1 ,% . Bv chemlca.; analysis the compos:ttion was qetemined to ba '
Al: 9‘3.623% , Cus b.57% , Hns O 141;% , and lfg. 1. 37%. The copp@r used ha.d
| a deusity of 8 909 0.001 g/(c
" The path lengthrs in aIJ. the ne tai’ abéorbere were measurad with an
accv.‘racy an order of mmgnitude better than the deﬂsi’ties could be detar—'iz":
mineé z and the systematic arrm K in the density measurements limit the
: ;

-ultmate accuracy obtamable.? The emulsion bars, made up of 1 x 1
emu]eslon pellicles were czxrefu Ay machined so as to have & square ¢ross- '

' secticm. The avemga area of 15 pellicleq taken at “anciom from the

bers was 0. 9920 - 0.001 scruare inehes. The bars vere also weighed, and '

the emulsion density was deter*ined by weishing in pure CCl, and in air

A
3 853 0,002 g/cc. | The weighing and’ 'density measarements were

"....

) t@v"k
made iJmnediatelv after use, amt when in the fom of‘ bars,~the emulaion

was ca,rei’ully 'baped to prevent watar loss or gain by the emulsion.
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SCATTERING OGPRECTIONS TO THE MEAﬁURED RANGES

: e . . 3
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‘ : .
Mather and Segrea, and more recently, Bichsel and Uehling9,

estimated the range shorteninL caused by CoulOmb scattering in the rir«~' !
abcorber. In the calcu¢ation<rof Wathar and oegre for high velocity
particles, no restriction on *he latewal displacement of the beam in

!
traVBrslng the absorber was medes As described sbove, to reduce the

=.; scattering correction, we limitad 1h¢s distance to about 1/2 inch

by. using bars of 1v x v aourra crosa sectioni ;‘

w

5t The beam traversed thace 1ongitud1nallv, and particles reaching

R tne >dge of the bar eacaped 80 - that their ranges were not measured. _

- The wartic)es tha% remained ir the rod for its entire length traversed'
straighter paths, and the eorrection obviously is less for them than

for 3articles with unrestricted paths, The geometry also insured that

f;_we nsed consider only small-azgle Coulomb scattering. A large nuclear

: defl=ction would cause the partlcle to emerge from the slde of the

absarber. In order to got an estimate of the true range in thia caae,

'fmod;L calculations have been made bv means ef a Monte Carlo method..

The'aund university electrcnic computer SMIL wasg uaed and the computations

diracted by Dr. G E. Frﬁb@rg;,_ | |

B Wﬂ have assumed the foiiouing modelx Protons enter a square rod
A

’-aloag its axis. The length of the rod equala the measured practical range
' ¥ |

'*‘ of VSO Mev protons in the matérial.‘ The cross section of the rod is

\Ig .‘%

: l" x l" . Wa choose a scale where tbe lenpth of. the rods is 100 units._

i

_ i
: In'uhe sane units the widtha Lt tha different rods arei

4v

4

' Alv' 2352 ? Gu

0

7'20 pb-696 andmnlz.,

P

ek w0 LR

T Y

oty e
R

Pt neE d
omcadiys e W AV o 2
a

b8




i3

’ fo LLowing ways

. "‘ehﬂezring thé- cell, -
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'gir iy
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Csm 202 0

from one cell vto the next.

?

--5
n

e

S .':'-ﬁ}‘,(“x,y,e YdydS_ = ._2_4[2 éxp" T
vy h'g Y neg_, xg i -

‘-_'One m&kes the change’ af‘ variablas.?_ :

0

Y E
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Then’ by direct substi‘.:ution,, the, new distribution function is. o

"I;»’-
t

fi‘

A

Tl

: _,1n 1he interval (5, y*dy) and with the direction between © v

x-za/e

- ‘) ." 2 -.x'A ’
o2 \ X 2.

. We oiivide the rods up into 1)2 nells of deereasing length in the N - o

‘ The particle which ori 1inally entered the rod on the a.xis and '

- pa“ullel to it is deflected 11 ‘the various cells and we assume in the
_‘fo owing that it changes its direction discontinuously when passing

W3 use an orthogonal system of coordinate_s'

. with the x-axls in the direction of the mbtion of the proton when

. According tc equation 2,17.6 in Rossits’ book the

“ prot ability of finding a. part &£le which has travelled the dist,a.nce x

d e+d0 i
.‘an ¥ ys

b’ - 2(02/62)1/@

dyde - 2(02/9) cwa’ d)’

{

exp (-3 LQZ /202)

Q(c,z%, ?y)d@% d'Xy ,,,

ra

T
Hew - %y

’y "

e 2%, s

y o

T (mo2/2) 12 = .‘1.755 |

" 1
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wIn thank Dr. S. B N:Llsson*,;Lund for advice in this matter.
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L giveq by an. angle //n . We do nhe same for the pro.jeczt.ion on the Xz

cah

y ~21-~
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K

The: variables 1J%V and ’r;gy;(are independently normally distributed

. with variances of L "ig S
g - gbo i
Bt R .
S a5 .= o°/3 and o, = o°/4
e R
fﬁ . %} " . :
I ,
For the different celxs we ch @ay and Xy at random from normal

'dlrtrlbutlons with the appropriate o's. If we orit the index ¥y , wa .

E ?

'"-;gut for the nroject:on of the trajectory on tha Xy plane a series of

o valuee ! - ; 3“ g‘ L

R ‘; - 1%1 . l dzz , 22 s ves 4/& 'X p wee

b &5

Vﬂ vFrom these we calculate thc angle' §4n ’ which the projectlon makas wmth; 

v".i"'i-“c,lw.“j xpaxis in cell n and ﬁts dirsction of motion on entermna cell n ,,v

"wi;plana._ The value ¢ has been calculated for each cell frnm
1 QA '
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  %@ §¥n now caleulate the diaﬁaace between the points where the particle
ente's and leavao the cell.,; In order to take into- account ‘the fact
tha: the particle does not. travel on & suraight line but is scatt@red
?
inSLda the cell we apply ioﬁ ezch cell the apprapriate correetion @,
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When calculating the true range ' SMIL starts in cell number one
and z0es along producing its cwn random nunbers and using the correspdndihg

valués of o, and a o
| Aé soon as a'particle.escapes from the rod through one of its side
"surﬁaées thg calculation is‘broken off. The machine makes a new attempt,
regi;teringifhe number of the ¢ell from which the escape took place,
A sﬁpplcmentary coﬁdition has beenAthat only particles, which reach the
3nd?>f the rod at an angle of less than 45° to the axis Fhall be in-
cludsd. Nuclear scattering hes not been taken into ac§0unt. ‘Avcut-off
t~l3.3 _standard deviations has been applied.

The results of the Monta Carlo calculations are:

750 Mev Proton Range Corrections

” Eliment - - Attempts ~ Buccessful Ratio Correction
.- attempts = . ' - %
A w100 14.3:1 ., 0.076 * 0,003
Ccw . 1356 o 400 3ebtl 0.228 £ 0.005
b 231 .20 - 11.6:1 - 0.518 & 0.013 |
S 983 200 4.9:1°  0.696 £ 0.019
| | copper’

.Figﬁ“a~6 shows the distributioa of escaping . particles along the/rod: ._
":F1g1~e 7 shows the distribuuion of the inﬂlvidual range carrections.‘
| - .In order to check the corrzctness of the calculations we also com=
putad the correction for an lnflnitely wide copper rod and got the value
0.438 £ 0. 013%. This agreas wall with a Value 0 4L5% obtained fram

Mathor and Segres formula.: ;T”'i'f - SR
he corrected ranges measpred»in&thisfexperimenbare given in ?Table II._VH

*
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TABLE IT

‘The Absorbers Used, the Approximate Fnergy Interval They Encompassed, and

Their Measured Copper Equ:walents in g/cmz.

AL Cu.Fg, - Pb Cu.Bq, . u Cu.Fq, P Cu.Ea.  Energy Interval
“FRatio - - “Ratio T Ratio T Ratio | (Mev)

2329 AL M52 W 432,50 311+91; o o mo-0
o, g,‘,m | | et 'sz 2 .f 'x'rm E . ; R
“79.01 ;“éépéb_ fA ne73 %.20 12153 89, 68 9h6M 9420 I
O 352 10026 (750 - 600)
| 71.&7.] 81.27 - 108.71‘ 62,32 111,49 82,10 85.831  85.26 - II
0.879%4 - 1305 1.3580 . 10067 (ééo -‘aso)

63 6. G T 9367 7076 9460 68:86 . 73346 7261 IO
| o.asoz, S 13238 . 13738 10101 (450 - 300)




VI. THE RANGE STRAGGLING |

The distribution of proton endlné in the plates was recorded.

:OWing to & small asymmstrica% background, as shown in Fig. 5, the high

.energy side of the distribution was nearly gaussian, but the other side. .

wiE slightly'distorted It as found that the straight line'obﬂained
.'from the hlgh energv part of the curve when the data were plotted on
"ncrmalodlstributlon" zraph naper ?aVL rellable estimates of the appar~'
. ent; range straggling. ‘ o

. The percentana straggling is given in the first row of Table III,
".The'second row lists what the standard deviation of the ranges wou;d be
- um:e the sole straggling effct that caused by scattering. The third
»irmu is the Bohr straggling ais csleculated by Sterrhalmerll The regi~
'Vfdna must be attrlbuted to thw energy dispersion of the’ primary beam,

efiects of energy losses to nuclei inexact correctlon for scattering,

ETEN

. TABLE IIX

‘ Range Straggling Effects.. v
Standard deviations expressed in parcent of mean range.

N S T S Y U
Observed Total . 1.11 1,30  1.33  1.57
Scattering Effecf‘ ‘5 0.03 . 1 o2 © 0.25

¢ S _
Bohr Straggling ' . 0.95  0.99 1.06 - 1.08

Residue - ; o 6.58 0.83 6 i1
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ard perhaps other unknown aff'ects. While the statistical religbility.
. of these data is hot high,ia range straggling of perhaps 0.6 -.Q.8 4 o
ccrld be assignéd to eﬁergy (ispzrsion of the beaﬁ. The extra strag-
gling in uranium may have stutistica1 significance.

In spite of the large thicknesses of mattef braversed by these
pr&tons, thefstraggling does not show any ¢lear influence of nuclear
‘col;iéions. An intéraction causing nﬁclaar eﬁcitation generally is a
catastrophic event leading to a substantial loss of energy, and one

: o deflected - _ , Co
in which the partiele is romially/out of the good-geometry beam.
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VII. STOPPING POWER RESULTS

What.we obtained in tuis experiment were the mass stopping powers,
?,fon several energy intervals, of Al, Pb, U and emulsion relative to coppefa
The total ranges in Al, Cu, >b and U were also observed. _The proton energy
was known only insofar aé it ‘can be inferred from these ranges.

In Teble II we have listcd each absorber and its observed copper
equivalent. These figures eieble us to caleulate the mass stopping powers -
relative to copper. Because we have also measured Al/Cu and emulsion/Cu
rayios all our resuits cen amost as well be related to Al or emulsion.
Thé ranges in the aluminum a . loy have been ;onverted to range in puré |
alvminum using Bakker and Se;rd3's relative stopping powers, The emulsion
abéorbers have also beeﬁ adjusted to the equivalent absorber of standard
ertlsion having a density of 3.815.g/cc, assuming that the density chénge
wﬁs céusedvby losé of moisture.7

~ In Table II the measurement uncertainties are not given separately
fcr each entry because fhe éituation; as explained below is rather com-
plicated. fHach measurement consisted of the determination of a range
either in a pure mgterial’or in a3 two-component absorber. To find the
statistical error in this part of the measurement, we referred to the
NUmMerous msasurements'of thé range ;n pure copper that were carried out
alternately with othér'ruhs; These ranges have a standard deviation of
0.37 g/cm2 for a single determination.

In addition, there afe small uncertainties in the density measure-.
-ments, as discussed zbove, Frobably additional errors were introduced

besause the geometry of the experiment could not be'made.prgcisely.the'
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cane for the various absorbers. They were not all of the same size. !

. Finally, the scattering cgrrection,is only approximate, The typical

error in measurement, therefore, is perhaps 2% 0,2 g/cmz of copper.

D
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VIII. DETERMINATION OF MEAN EXCITATION POTENTIALS

In this experiment total ranges were reasured and very thick

%foils! were employed for iths differential stopping power measurements.

They produced substantial chinges in the particle velocities, so that a
di:fersntial energy loss forimla is not applicable.. Ranges and range
dif'ferences were therefore used to determine mean excitation potentials,
B v s 12 - , , . S,
E. Bichsel™™ has calcilated theoretical proton ranges in the

mil:erials which we adopted for this study. He assumed a number of different

.mean éxcitation potentials, £ . TFor each choice of I , the rangs inte-

gration was made for a) no shell corrections, b} K and L shell corrections

3

2 . l 1 - . . > ’ . e
ascording to Walske™ and ¢) X and L shell corrections, plus trial corrée- -

‘“tions for other shells, Aittompts to fit the low-energy empirical data

wie made using these higher shell corrections.

)
<>

There is rather gener:l sgreement that 163 e.v. is close to the

4 Ls15,16

“true mean excitation potent.al of « When the range of a

;‘75@ Mev proton ir aluminum wis calculated using this value of I , the pré-”

-sence of Walske's ceorrectlon: was found to produce a change in the range'

»

o:'only a part in 3000 ; so that it is unlikely tha£ any inadequecy of
the shell corrections could 5eriously affect the ranée in aluminum. We
therefore assume that this range provides an absolute.measure of the
boerm energy. It implies that the bean energy was 752.2 Mev,
With this bean energy, we interpolate Bichsel's calculations, and
obtain mean excitation‘potennials for the other absorbers from the observed
total renges. The results arce shown in Table IV in which the apparent mean

excitation potential is calculated with and without Walske's cerrections,



Table IV

Hean Excitation Potentials in e.v. Derived from Total Ranges

Ry e an

L oo . Copper __ Lead _ Uranium |
i No corrections 325 842 935

i .

| Walske's corrections: 323 826 917

! for K & L shells

While they are not large, svidently some allowsnces must be
mada for shell effects, even at 750 Mev, According tovaﬁ estimate
of 'ai'chse_llz, M and W shell corrections will be about one half the
magaitude of the K and 1L shell corrections.. If we assume that this
isvcorrect, the respectivé-velues 322 , 818 , and’ 908 e,v. are our
estimates of the mean excitation potentials of copper, lead and
urasium.

In addition to total ranges, Tablg II lists‘ 12 »ratios of range
differences for three velo¢ity intervals. These are éssenﬁiélly inde~
‘peadent measurements. Becauss they are ratioz of differences, however,
~tas accuracy deteriorates, and the ralative grror ﬁay‘be several fold
1arger. It is perhaps wisest, therefore, to use these»valués chisfly:
as checks of our other results.b For tﬁis we have interpolated the
taires of Bichsel that were calculated_with Walske's corrections, We
used the mean excitation poteltiéls derived with shell corrections from
the total ranges. Theoreticil vsluzs of the differential stopping
power ratios were found in this way for all_the absorbers except
exay.sion. For emulsion; we used the table'of>Barka56, which was cal-

cuinted with Waﬁﬁgb's K and L shell corrections and a mean excitation
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ootential of 331 e.v, Th? results are given in Teble V. The agree-

mant is reasonably good in only one case does the difference exceed
Z%, "On the other hand, ther: is evidence that systematic effects may
be present, The theorestical ratios for Al and Pb seen low, while
tivse for U and emulsion are in good agreement with the measurements.
THe entries in the table would give no indication of systematic effects
i the mean excitation poténalai of AL and Pb were raised a small'

amount, or those of Cu , U , and emulsion similarly lowered,

Table V

Measured and Calculated Stopping Power Ratios.
The: theoret lCdl cdlculutlonm used mean eéxcitation potsntials as follows:
A1, 1633 Cu, 323; P, €265 U, 917; Eumlsion, 331 e.v.

Walske!s corrections have besn made,.

AL/Cu Pb/Cu  U/Cu ”““éim”
'-750- &00 Hev (Bxp.) 8759 1.3162 1.3552 1.0026
Theoretical 8729 1.3064 1.3588 1.0075
600 - z;so ey (Exzj‘) 879 1.3205 1.3580 1,0067
s 450 ~ 300 Yev {Fxp.) .8804 1.3238 1.3738- 1.0101
g Theorstical B6TT 1.3202 1.3763 © 1.0079

Of course, to do so is impossible while'maintaiﬁing'the measured total
rerges as a constraint. The internal consistency of the'measurements,
therefore, seems to e 1ncomplet@. A Dossible alternative is thaﬁ the.
tteoretical curves, on which we have leaned heavily, may be at fault.

Trere is no evidence from tho experimental date for a velocity-dependent
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syetematic error, however,

The magnitude of the discrepancy can be illustrated by the ratios
- foy emulsion, If emulsion iy compared with Al through tﬁe ratios of
Al to Cu and emulsion to Cu , we find that the emulsion mean -exci~
tétionbpotential would have 10 be reducéd to 304 e.v. for agreement,
Or. the other hand, raising the mesan excitation. potential of Al to
17¢€ 'e.v.'also would bring sivout agrecment.,

The Al to emulsion ratio obtaimed in this way is subjéct to
a rumber of errors and may rupresent an axireme fluctuation. It could
'Be caused by swall errors in more than one measursment that have in
,_tﬂjé case been additive,

L3 k3 5 - . l
As reported in a preliminery account of this experiment 7'our

dstg generally confirm the shape of the I/Z4° vs 'Z curve found by
- Bekker and Seg£E~ Their dats, of course, ars to be normaiized to
~I£l-= 163 e.v. Whereas I/Z = 12,5 for Al, we find that it falls
tc‘ 11 for copper and to. 10 for lead and uranium, |
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CN THE TMULSION STAKRDARD

Becaus= 1%t is much netded For messurements of reaction and
disintegrstion energies of elementary particles, the range-snergy
relation in emulsion has assimed a special importance., It is the only

meterisl in which sbsolubte muomsriwn and range measurements have been

7

e

mzée at velocities as high ar those of this sxperiment.
Other measuremants, ircluding this one, rely on the theoretical

~extrapolation of low-energy neasurements for an absolute standard.

I;rticle ranges measured in <mulsion, whils beset with certain special

problems, also have an advantage in being free of the scattering error.

=0

1l [V " . . The range is simply the visible length of the particle
/ -

pata in emulsion, ahd: is eegily rectified.
Thie sxperiment relates ths fopm:nr power of emulsion to that

.

of copper three velocity intervals, These three ratios, which are
indspendent of each otheg,do hot confirm well the measurementes of
e 18 ' i . PR o
“Hedinz™ a2t a lower velocity. At a proton energy which we now believe

&

to nave been 236.7 ¥ev., he measured &n enmlsion/copper range ratio

of 0,990 £ ,003. On the otker hand, at 208 Hev DeCarvalho and ¢
-
Frisdmen) found the ratio tc be 1.005 £ 0.006, in agreement with what

would be expaﬁted from our dsta. If we take the-valte 323 é.v.,
derived above, for the mean excitation potential of copper with Walské‘s

<COT?édti0nS, then our ermulsioc ﬁ‘stopping powsr ratios to copper give for
@zulsion a mean excitation potential of '328 e.v., in excellent agree-

mexs with the value of 331 s.v. implied by the sbsolute range-

monntum measurements, )



In emulsion, a number of systematic effects can be introduced
in the measurement of track--engths. Corrections were made for them

3, 3 7.

in establishing the range-encrgy relation They inc;ude,:for example,
the: track-length lost between pellicless, and the diétortionicaused bj
conpression of emulgion. Such =ffscts do ﬁot enter as corrections in
ﬁﬂﬁs experiment, ‘ It was fecnmmend@d in connection with'thé emulsion S

6

rarge teble™, that the method of “applying corrections be the same as

thet used in measuring the rimges of Barkas el al.7 Systematic errors
. tracing

then are not introduced in Jusferr particle tracks through the emulsion,
When compared with the rang«u-mgasured in this experiment, however,
syctematic differences still can enter., 41l the corrsctions made in

3 N were‘in the direction to increase their tabulated range. It
s péésible, if there remeins a measursble systematic.erfor, that it
mty be one of overcorresction: that the tabulzted emulsion ranges wmay be
tee long when comparsd with ranges measured by the method of this experi-
Emfm or by track-tracing without applying corrections.

go study this possibi ity, we shall revisw the reievant published

mezsurements, |

The ranges of ma2son sucondaries from K- meson decay were measured

ot 1 ”
Zd ,:.,-_ ZL,ZJ

in a number of researches. With the present best values of

the masses of K, ® and p n:«f::sons,zlL the expected ranges are 11.86

certimeters and 20.96 centimeters, respectively, for the KF2 and
KH? modes. The welighted avnrages adjusted for emulsion density, but not

including all the corresctions employed in preparing the range table, are

11,72 £ 0,05 and 20.31 £ 0.08 centimeters.
1 f The correction for radiative decay, which tends to lower the

. meesured ranges also has not been made, The differences here asre 1.2

ar. 0.7 percent.
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A test was made of'thc range tables at, very high energies by

25 For pions with ar. energy equiValent to protons of 1600

Fe Ichna.‘n
Mev, she measured a range thut Was l 005 i 0. OlO times that given
by the emulsion range pahle.

26

Friadlandexf et a.l. T nmade direé‘o .éomparisons of emulsion with
albm.nm at veloei't'iés sémow?at lower than thése 6f our experinént.
Pcr protonv of nomlnal energ; 146 5 Mevzthey measured a median range
60 l’% - 0,20 millmeters in emulsion of oensity 3.791 £ 0.004 g/cc. _
When almﬁm\xp absorbex_"a of b, 0805 g/c*n and 11,4864 g/cm were
‘ succeqsiw‘rely placed in the heam the ranges in emulsion were reduced:to -
41.42 £0.17 and 25.18 L0, 21 millimeters, respectwely. These -

' me,e.surcments did.not include adequate scattering corrections, and

total ranges. are therefore subject to doubt, Differential energy

' ‘lo's;_'s_.x.neasuremnts 'arebnot sensitive to them, however, and w.e can
;; derhzucéi Al/emulsion ratios as follows from their papers: |
o 6.5 - 87.4 Hev . 8669 £ 0,0069
146.5 ~ 117.9 Mev  .857 % 0.012

| From the shell-correc:ed AL 'rahges, and the emulsion range "
N table, these ratios are éxpev}f,e:d'to bé O.}&va ‘and '(?.859 s respecti_velj.
Ajpreement cvclauld be reached b7 reglucing the 'me:m'> excitation ‘poteﬁtial of ~
Vlmlsion to 307 £ 10 ev. | J

The mass of ths 2 hy )eron is best detemined from the reaction
£ -—-—->p + 7%, The range of ,he proton ia in an ;m‘cerval where .the

¢

r.-mge—ener&y relation-is tho 1ght %0 be well knom. The pion range of
2, 18

4.
thn alternate mode af decay : ---«?n + = has been measured

. .
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o

‘e 9,248L £ 0,049 gentiﬁg';ers. Using the mass of the E+ 'hypa;-on
fcund from the proton decay mode, the pion range is expected to be
©,3175 centimeters. ’Aga:%n the 'mea:sﬁz_'ed range is low by about 3/4
percent, The radiation cbﬁ*éction, which has“n_ot been ‘nvlade,' would
tend to reduce ihe nﬁeésuréd range below this pi‘ediéted value,
Recently’ Zrelov and étoletovzg measured the range of 658 -
¥ev protons in copber using an 'éxperimental ai‘,rangemen‘h verj similar
to that of Mather and Segre. Theéy found a range of 257.6 = 1.2 g/cn>.
From this range they_‘obtain a mean excitation potential for capper of
205 & IOev. Using the same de¢ta, with Bichsel's table we obtain
209 £ 11 ev. No allowance for s density-effect correction was made
in derivino this figure, &l’chou gh according to S aternheimer29 a small
| ef‘f.‘ect ex:Lsts. While they d.‘d not make the measurement in ¥ good
vga-)me.try" this appears to be an excellent meaaurement. It.must be
4 ?:en as further evidence that the mean 'e‘xci‘tatibn potential of
_‘ eapper (and emulsion uhlch is tied to 1t by our measurements) is
s'mewhat lower then our total range measurement would. inalcate.
In spit‘e of the excellent accord we found in our total Tange:
‘ vmnél;sﬁrements, these var_iéu's sleces of evidence lead us to beli_eve that
t,h:e.;‘ enulsion rénge table overestimates high-velocity fanges by perhaps
T/ g B o | k |
| In carrying out thS Hx;ocriment we were aided by the halpfu.L
cooperation of the cyclotron Cre.w under James T. V le. To Dr. C. E.., :
- and Mrs. K. Kjallquist .
Fi% berg/we are: 1ndebted for; Jha SAIL calculations. Mr. d. C. Wells

hetJ ped both wit,h m:.croscopy ..nd calculn‘cions, and Bugene H. '}'iui_’fman |
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. made the chemical énalysis oi'- the aluminum alléya' The scannﬁ{ng of |

thv mulsion that récorded ‘Ede proténs penetrat‘ing the léi‘ge cﬁppef ‘absoz;'-
R bm' was carried out by Mr.. L)u:m Enos. S v.F. woulq like to thank the
: Lawrmnce Radiation mboratorr for the generous hospitality shox«m “to hm

,and the Royal Physiovraphie Jociety of Lund for finaneial support. .Wc?:"

same most grateful to. Dr. ‘H. lichsel for the use of his range, tables.
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APPENDIX

The "pencil beam" prepared for the range experiment was studied iii

"in some detail as it was Erou;ht to rest in a large éoppér block, |

Eﬁilsion layers embedded in.tqe copperbwere used as detectors so that

the lateral spreading, angular distribution, and range distribution |

wee obtalned. For scanning this emulsion we ére indebted to Mr, Louis.:l

7. Lnos. | |
The observations may b: summarized as folloﬁs: 4s the bean

'tra“efsed the copper it was s:attered and attenuated. Thé mean atten- |

5

ua’ion cross section of the ¢opper nucleus was found to be 7.2 x 10-2 cm2.

Thq?range on the besm exis was 314.9 £ .3 g/mnz, The raﬁge straggling:v~
' wag' 2.94 g/cm2 when: méasurei on the axis., The mean depth of penetratidﬁ'f
'.Q‘gim;nished with distance frém the béém axis,ﬂapparéhtiy in a roﬁghly“ :
ji;giﬁgarly wey s0 that the ranga A ‘centiméters off the axisiwas reduced |
15 byfv3.6 g/cmz. The straggliag cf these off-axis pro@bns was increase&>.
perhaps 40 psrcent also. The spreading of the beam can be,crudely' ’
‘deguribed as follows: Let llgi/?j‘ p /91210~ and /%3/30 be the
" distances from the axis where the density of the beam is reduced
| roupeétively to. 1/2, 1/10,, and :1/36 of that on thé axis,: Then
..as ﬁhe beam penstrated the éopper'these dista£563 inéreased with. the _tﬁjk

depth of penétration,'s, according to Table VI,

TARLE VI

| 5 (g/en?) /"1/2 v("’f“)ﬂr f%/io [ '\@30 ,<§T”)

68.8 - 0.28 - . 0.52 o 0.7
114.5 0.42 0.82 1.1
168.3 0.80 . ' 1.6 2.1

— . 3-14»' 5.1

2055 1.9 _
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The meaian nrojected angle made by the beam partlcles with the

_.ax:s varAed linearly with tho distance off the axis. It amounted bo

,3 . per centimeter at a dept1 of penstration of 296 g/cm , where the

wudth of the buan was near maiximum, The projected angdlar dlstributlon
! the beam at thls deoth of panetration had a standard devxatlon of
° 'on the beanm axis and increased to ll at a point 5 centlmeters'

o' the axis, It remained nearly flat for about 2 centimeters on

-either side of the axis.

The full details of tiiese observations are too lengthy for
presentation here, Hore informetion ¢an be ébtained from one of us

'(m:ia) .
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FIURE CAPTIONS

»

" Yigure 1: | The 184~-inch ¢yclotron pfoton besm. tFeatures
- ' mentioned in the text are labeled.

Migure 23 Sﬁape of the wedge absorbers. The dimensions are
- given in Table I.

igure 3a:and 3b: Beam structure at entrance to magnet M=-2, before
R - and afte: eliminating beam B,

Pigure 4a and 4bt Contact yrints showing, respectively, the actual size .

of the beam at the entrance to collimator C-3, and as:
it entered the abgorber.

Figure 51 ' The range distribution of the bean in copper. The
actual distribution is shown as & solid line. The
dashed portion is symmetrical wi*H the high energy -
side of the pesk.

© Figure 6: Distribution of the distance from the point where

o i the particle entered the copper rod to the point
where it escaped. The distributions found for the
other absorbers were similar

Figure 7: Disgtributions of range shortening caused by scatter=-
: " ing. The range reduction is expressed in percent
of mean range. The origin, which is labeled 100.00,
is the pcint reached by an unscattered particle.



8,

REFERENCES

J. Lindhard and M. Schar: T, Xgl. Danske Videnskab. Selskab, Mat, -

. fys. Hedd. _1, No. 15 (1953).

:lw. Brandt, "Inergy loss nd Range of Charged Particles in Compounds"
- du Pont Radiation Physic s Leboratory Report, July, 1960.

C. J. Bakker and B, oev; 3, Phys. Rev. 81 L48S (1951).

R, Hather and E. uegfé, 2hys. Rev, _5, 191 (1951).

‘ For example H, Bichsel, 11, ¥, Mozley and W. A, kron, Phys. Rev. 5,

1788 (1957).
W. H. Barkas, Nuovo Cimento 8, 201 (1958).

W, H. Barkas, Paul H, Barrett, Pierre Cler, Harry Heckman, Frances
M. Smith and Harold K. Ticho, Nuovo Cimento 8, 91 (195%).

Sten von Friesen and W. ¥, Barkas, Lawrence Radiation Laboratory

- Report, UCID-613, Jan., 1j59.

9.
10. -
T 11,

12,

el

H. Bichsel and E. Uehlinj, Phys. Rev. 119, 1670 (1960).

———

B, Rossi, “High-trergy Particles", Prentice Hali, New York; 1952,

R. Sternheimer, Phys. Res. 117, 1621 (1960)

e

H, Bichsel, Private corraispondence. We are much obliged to Dr..Bichsel
o for being permitied to use his tables before their publication.

H., G, Walske, Phys. Rev. 101, 940 (1956).

D. C. Sachs and J. K. Richardson, Phys. Rev. £9, 1163 (1953).

K. R, fackunzxe,'“Penetzation of Charged Particles in Matter®,

‘Report No. 29, Nuclear Szience Series, Hational Research Councils

Pablchulon 729.

H. 1chsel Phys. Rev. 1i2, 1089 (1958) Also H., Bichsel in
ref, 15. -—— ,

S. von Friesen and W. H. Barkas, Bull. Am, Phys. Soec. 4, 369 (1959).

Otto Heinz, Phys. Rev. ks 1728 (1954)

H. G. deCarvalho and J. I. Trlvcman, Rev. Sci. Inst. ?6 261 (1955).

D. ¥. Ritson, A. Fevsner, $. S. Fung, ¥, Widgoff, G. 7. Zorn,
S. Goldhaber and G. Goldaaber, Phys, ‘ev. 101, 1085 (1956).

" R. W. Birge, D. H. Perkins, J. R. Peterson, D. H. Stork, and

¥, N. Whitehead, K.C. i, 224 (1956).



RIFEZRONCES (cont.)

G, Stack collaboration, J. H. Davies et al., N.C;.Suppl.g, 398 (1956).

J. Crussa ra, ¥ Fonche, J. hvﬂnPSSY, G. Keyas, L. LePrince Rinqust,
Hlorellet and F. Henxxd, e Co Suppl. 3, 731; 4, -1195 (1956).

W. H. Barkas and . H. fosenfeld, UCRL-8030, Revised Sept., 1960.

R, § eldnan, Lawrence Rariation Laboratory Report, UCRL-3202 (1957).

M. Y ?r*edlanuer, D. %.efer and ¥, G. K. Menon, N. j, 461 (1957).

J. X. Dyer, W. H. Barcas, H. H, Hecknan, C. J. Mason, N. A. Hichols :
and F, ¥, Smith, Bull, /mor. Phys. Soc. Q, 221, (1960). For more
details see J. N. Lyar, UCFL—QLJO.

“
N

V. P. Zrelov and G. I, tolztov, Soviet Physics JETP, 36.(9) 361 (1959)

R. Sternheimer, Phys. Bov. 58, 854 (1952).



o obpaM 13qu) OUS |
T _ co:cN-.cS
: a0id
19q 10sQqQVy
3
] 2-W ommq -
-t .Qn.Ou.D..
X%
: ,50.0 .
| . adid wWNNODA
..J«...v N
1 < 4 3 |
. — - e e e LA 1y &




11 B

B (5 - -

GLest-ap o
0 - —— . ﬁ“- ) v e -
« ) .
o i
RSN S
& i, 3
i !i«tr)l’flf'/[/&
. ..l/nll.l.’...
N AK[/.?,
~ “
, b ) ot
P
|
., < ‘ 4



~

¢ 1
o J°®

N

.
.
FroUnE

» :
[ P

i w2



| i
© 200k N d
50k i | o .
4]
100 .
50 .
g : ' 1 1

300 30 320 330
- ‘hicknzss @f@&ﬁé@fﬁmz}

T

I se, MU-18075
/ ¢ i; .a..\A - ‘/'



I -21486

OOl

(%) PO4 JO pud WoL} 83uUDISI(

%Ol



1"V e d

80

£0 0000l

= ‘(J:‘\\_‘

80 0 0000l

_

—0l

—03
—0¢
.!O¢

— 06
lu

qd

020 9I'0 <¢I'0 800

e o S e N

Ay




