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ABSTRACT

We report on range and range straggling of recoils from nuclear re-

Q .
actions induced by the ions Clz, Nlh, 016, 0}9,;and Ne22 with kinetic energies

of 10 Mev per nucleon and less, Range-eneféy.cﬁrves were'dbtainéd for Tb149
(recoil energies of 4 to 29 Mev) in Al, for At and Po (4 to 15 Mev) iﬁ Al, and
for At and Po (4 to 9 Mev) in Au. Ranges of Tb149 at the threshold of each
reaction were obtained by extrapoiation. The agreement of these and the direct-
ly measured values supports the assumﬁtion of compound-nucleus formation used
in calculating the recoil energies, The smaller recoil velocities in this
study are of the same order as the Bohr velocity (2.2 x 108 cm/sec), The
values of the average range and the straggling parameter have been compared

_ contribution to the measured
with stopping theory. The/range straggling from the nuclear reaction is dis-
cussed. Our results and the work of others have been used to obtain values of ‘

203

the range for Xe139 in Al from 0,1 to 70 Mev and: for At in Au from 0.01 to

10 Mev.
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- I, INTRODUCTION

Information concerning:tne stopping of atoms'is'fragmentary,..The
.theoretical frameworkvhas been summarized by N. Bohr - According to the theory,
the nature of the stopping process is dependent on the velocity of the moving
atom, If the velocity is greater than the orbital velocities of all electrons,
the.energy loss is mainly_by interaction withuthe electrons of the stopping
mediun, In general, the experimental measurements bear out tne theoretical
predictions.2 |

For slow-moving atoms that have velocities lessvthan-the .orbital-
electron veloc1ties, the energy loss is mainly by 1nteract10n with the atomic
'systems of the stopping medium, Theoretical equations have been given for
range and range straggling of slow-moving atoms much heavier and much lighter
than the stopping atoms(,r:l"’3’1L The.experimental'tests of these eqpations,»how-
ever, are few indeed. The range measurements that hame.beenlmade agree with
the~theoretical equations within a factor of about two.b'-lo Some measurements
ofrthe range straggling are consistent with the-theoretical equations, whereas

6-8

' others are not.

This work was performed under the auspices of the U, S. Atomic Enérgy Commission.
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No theoretlcal treatment is reported for slow-moving atoms similar in
mass- to the stopplng atoms. However, a few range measurements have been re-
'ported.6’7’9’lo | | =

Qualitative theoretical treaiments of st0ppimg phenomena have been
presented for atoms moving witm velocities comparable to orbital-electron
velocities.l Some exferimental information is available from studies of fis-
sion fragments, but correlations of these data are still only empirical.ll

We-haVe'madevmeasurements of range and range straggling of recoils
from nuclear reactions induced by the-ions.012' Nlh, 016, 018, NeZO;'and Ne22,
with kinetic energles of 10 Mev per nucleon and less, The velocities of.the
rec01lmng atoms were comparable to’ orbltal-electron velocitles Recoilimgl
aﬁoms of Tb;‘At, and Po were stopped in Ai, which has much smaller mass than
the rec01ls, Thekstopping of At and Po recoils in Au and Pt targets was also
studled Invthis case the recoil and‘stopping atoms have very nearly egual
mass.

Therbjectives df fhis work are twofold: (a) to extend our knowledge
of thejstopping process, (b) to stud& the nature of nuclear reactions. In

this paper'we emphasize'the stﬁdy of stopping phenomeha, In the folloWing'

_paper we concentrate on the study of nuclear-reaction mechanisms;12
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II. EXPERIMENTAL PROCEDURE

We have performed three types of experiments: first, differential ex-

periments in which the recoiling atoms from & thin target were stopped in thin

catcher foils; second, intégral experiments in which the ﬁotal,recoil loss

from a thick target was observed; .and third, experiments of the latter'type
but with.the recoils from a thick-target being caught in thin catcher foils,
The recoil atoms were formed by nuclear reactions induced by heavy ions from
the Berkeley_heévyfibn linear accelerafor. The nucléar—regction.productsz

149

and several isotopes of Atvapd Po, were Qbsefved by measurements of the
« radioactivity in the various foils. Targets of compounds of the.elements_

Cs to Pr, were irradiated with heavy ions»(HI) to form Tblh9 from (E&,kn)‘gnd
(HI,pxn) reactions. Similar reactions with Au, Pt, Ir, and Re were employed

in order to form At and Po nuclides,

The targets were-thin-layefs.evaporated onto 0,00025-inch Al by Mr,

Dan 0'Connell of this Laboratory. The substances used were CsNO BaClz,

3}
203, Ce203, Pr203, Ir, Au, and Re, For differential experiments the target-
layer thickness was 10 to 78 ug/cmz. ‘For integral experiments the target

La

 thicknesses were 0,3 to 6 mg/cmz, In the Pt experiments commercial folls with

thicknesses about 6 mg/cm2 were used.

| Catcher foils of commercially availlable Al’were.used. Spectroscopic
enalysis of the foils revealed the presence of 0.3% Fe and<0;l%‘Cu. Rolled
foils of ébout 0.00025=1inch thickﬁess wére used for the integral experiments,

For the differential measurements Al ieaf was used., The average thickness of

each recoil catcher was obtained by area and weight measurements, Small squares

(3.7 cmz)._cut from a given sheet of Al leaf (200 cmz).varied gradually in

i
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average thickness from abou£ 6.26 mg/cm2 ﬁé§r £hé cehtervto about 0,14 mg/cm
near the edge; In order to minimize thé error in the thickness measurement

we cut eéch‘catcherufoil only slightly larger in area than the beam collimator.
We did not measure the'uniformit& of the foils on'a microscope scale,

Stacked foils (20 to 15C in number) were clemped to a water-cooled
copper holder and were irradiated for several hours'with.an average beam cur-
rent of -less than 0.1 uamp,' In order to check on the possibility of thermal .
diffusion we expdsed two very siﬁilar foil stacks with Bi as the target to C12
beams of very different intensity. The results of the two irrédiations (oﬁé
with an\éverage'Beam current of 0,05 uémp and the other 0.3 pamp) were com-
pletely cbnsistent; Therefore, we believe\that any error due to diffusion is
negligible.

Measurement of the o radiation of the foils waé made with about 8 to
1L ionization chambers designed in this Leboratory for detecting fission,..alpha,
and beta pulses. The background céunting rates were Q;Z to 1,0 count per miné
vute;'vThe gain'Of the counters wés‘adgusted to obtain-alﬁost equalAcounting
efficiepc& for a thick urénium standard.‘.Fér'the integral expe%imeﬁts, the
relétive activities were determined by simultaneous. counting ofvthe two or
three-samples of each set in rotating fashion, For the differential measure-
ments a larger numbef of separate foils were counted in a nearly simultaneous
fashion. The counting was repeated on different counters, Complete rotation
of the samples was not usually possible, but the analysis of these experi-
ments does not require as accurate counting as do the integral experiments. A,
~ Counting efficiencies wefe taken to bé-equal for all catchers from

differential experiments. ' Absorption corrections were applied for integral
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experlments by successive approximations as follows. Range Values in -Au were
first calculated by assumlng equal countlng efficiencies. Then.the‘effective
depth of the activity in the target was assumed to be the target-thickness
minus the range. The activity in the Alvcatcher'foil.was'assumed to be dis-
tributed uniformly to a depth equal to the recoil range in A}. Each obsefved
activity wasvthen multiplied by (;-d/z Ra)-l, where 4 represents ‘the maxImum
deﬁth of the activity and Ra:is the range of the  particles. in the.appropriaxe

13

material,’ The Ra values were taken from decay-scheme informatiof asgdishe. ..

'range—energy data for o particles}% These corrections were usually less‘than

10%. and were often nearly equal. for the target and catcher folls.

ITI. ANALYSIS

As a starting point, we analyze the experimental results as though the
recoil velocities of the nuelear-reaction»produets are.along the beam direction;
In later sections we examine the effects caused by the nuclear reaction and

the stopping process. From the experimental observations we obtain the component

R of the rec01l range along the beam direction. We refer to R as the range.

The dlstrlbutlon of range values,P(R), is taken to be a Gau551an function,

1 , R-RO‘ 2 | |
P(R)JAR = ——— exp - = dR, (1)

Rova L |\ VERL

where RO is the average range, p is the straggling parameter; and Rop is the =

o

_range straggling.

The results of the differential experiments with Al catchers were fitted

to Eq (l) by plotting the experlmental data on probablllty paper. On a
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probability scale Ft,fthe fraction of the:total activity that passed throuéh
catcher foils of ‘combined thickness t,was plotted against t. A very small
correction for target thickness: W was applied by treating the target layer

| as if it were an Al catcher of thickness 0.27 W.. The nuﬁber 0.27 is one-half

the relative stopping power of Au and Al, and was used for other substances

as well, This correction was always small.. The t;value'fof which Ft = 1/2 /

t -
The results of a typical differential experiment are shown 1n Figs. 1 and 2.

‘specifies R_. Similarly the t value for which F = 0.0767 gives R (1 + N2 o).

Figure 1 shows a histogram of the éctivity distribution, and.Fig. 2 showg’a :
. probability plot of the same data, -
For the integral experiments the target thickness was comparable to the
recoil range,. The quéntity meaéured'is the fraction Fw of the total activity
' formedvand stopped ih a target layer of thickness W, If the target thickness

is several times the average range, the effect of range straggling .can be

ignored and we have

b}
~

R, = W(leFW) : B | - | . (z

for any type 6f range distribution. Howéve?, a general rélationship for any |
target thickhgés haslbeen derivéd, based én the aSsumétion that Eq. (1) holds
- fTor stopping in ﬁhe taréef,material. For this case the fraction of the total
activity left in-a target'fdil is

F ] 1 ' W W r-s-RO E

[ T
' en R, W, o) Ve Rp

aras,  (3)

where s is the distance from the edge of the foil to the point at which the

recoiling atom originates and r-s is the distance it travels. The solution
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Fig. 1. Distribution of Tb11+9 activity in a typical differential.
experiment, The/&é;ivity of ¥ divided by the catcher-foil
thickness 1s plotted against total catcher-foil thickness, t.
These data are from 86,8-Mev 01‘ bombardment of La. A back-

ground correction of % 1}2 (cpm cmz/mg) has been subtracted.
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Fig. 2. Probability plot of the data shown in Flg. 1. The fraction
Ft' of the total activity that passed through catcher foils of
combined thickness t is plotted against t.
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of this eépaxion can be conveniently expressed as B

N2 R R _-W [ = R+

W ~/_2_Ro o \/Z—Rop V2 R p

where , "

' oy 1 ayz Bl ' '
Fly) = e - -1y, ' | - (5)
Co 2 J} , . .
and I(y) is the probability integral,

: 2 .4 2 ‘ .
(y) = . [ exp (~u®) au ., (6)

- \ﬁr ’ O .

Equations (2), (3), and (4) are correct only if the rate of production of

1

For the cases we will consider only the first term in Eq, (%) is

important
N N2 Rp R W
FW = F —_— _ (7)
A W K JE,ROQ v

The experimental results were analyzed by suééessive approximations
with Egs. (2)_and (7) as follows: .For a given target material and beam parti-

cle, values of.RO as & function of bombarding energy were calculated from Eq.

- (2) for the experiments with rather thick targets. By use of interpolated

values of R and Eq, (7); values of p were calculated from the measurements
for thinner targets. These values of o) aé a function of bombarding energy
were used with Eq. (7) to get better values of_Ro.and so forth,

The differential method provides more information in a single experi-

ment than the integral method, However, some of the'experimental difficulties

characteristic of the differential method are avoided in an integral experiment.



-12- UCRL-8997

Both types of experiments as carried out here measure the .components of fhe’
range parallel to the beam. In applications of the integral method the mass
of the stopping atoms is usually comparable to or'greater than the mass of
the recoil atoms. Large-angle scattering'is probably important in this case.
Thus, the value of the range projected on the beam direction depends on scat-
tering phenomena. |

- A few experiments combining the integral and diffefential methods
have been performed. - The recoil products from a thick Pt target were stopped
in thin Al catchers. A quantitative analysis of these experiments requires
detailed knowledge of"straggling and scattering phenomena in the two materials.

We therefore discuss these results only in a qualitatiVe way.

IV. THE ROLE OF THE NUCLEAR-REACTION MECHANISM

The recoil érqperties of nuclear-regction préducts give-inforﬁaiion
about stopping phenomena oﬁly if the_corresponding velocities are known, The
recoil velocity can be specified exactly only for a reaction.af the threshold
energy, Eth’ Eor fhiSﬂsituation all réacﬁion;produéts-reéoii with thé velocity
of the center of mass, if mémentum and energy are to be conserved. In praétice,'
experiments must be performed at bombarding énergies.greater than therthreshold.
Therefore the nature of.the;reaction mechanism must be known if the recoil
velocities aré to be calculated. ' _ v A
Let us examine the reaction mechanism.. in‘which an incident pérticle of
energy Eb is absorbed to form an excited compound state,  Let ¥V denote the
Gelocity of the compound nucleus, which is identical to the velocity of the

center of mass. If the recoil velocity 1s not altered by the decay of the
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.compound nucleus, the recoil energy'ECN of the final product.ié

- EAA gt | @

’

Tﬁe mass number is denoted by A with subscripts és,follows: b the bombarding
particle, R the fecoil atoﬁ or final product, and T7the target.

However, the recoil velocity is affected by'the_deqaywof;théchmpouhdbv
nucleus.: Let us'defiheAthemvectof“Gaas‘the resuitantivelocity of the recoil

atomcin,thegdehter&of-mass syStem;::The:resulfant‘velOCityJinitheﬁldbaratory

| -E'ystem., is ’V'—> + V. ,‘Let 0. demte»ﬁ the ¢ .»m .';juangle “between ? and \-V‘T);jand ; @L‘ dehote the

o . e T .
lab.anglezbetweentV’and.V’+'V;ngirst,;mewexamine the.effedt on the recoil

. - -
properties if the magnitude .if:Vvis unique.

The average range, RO, measured in our experiments is the average'of

the projections of the distances of recoil (the linear distance from the point

" of origin to the final rest point) on the beam direction. 1In order to evalﬁate

the dependence of Ro.én-§9and'§5oﬁe must specify how thé recoil.diétance

varies with the fecoil velociﬁy and the angular distribution of gi We are
concerned with a restricted region of values of v+ Q) for which it is assumed_
that recoil dlstance is equal to k| ¥+ V [ ; where k and N are constants, |

The angular distribution of v is denoted by W(@). Thus we have

R =% (v + V8 4 2v v cps@) N/e cos®, W(@) sinede. (9)
o 2 L
‘For v >V and W(@) = 1 (isotropic distribution) we have
N Wan-z |
R, = kv 1+ ——4ﬁg~————- ( ) +osee] , v (10)

and for W(®) proportional to 1/sin@ we have
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R = kv _[i + ‘EKZL (%)2.+ cee] . B | (11)

From Egs. (10) and (11) we see that the valﬁe of R is primarily determined -
by v for (V/v)2<:< 1. TFor this conditibn it>is,proper to-aésoqiate the
measured average range‘Rb with the recoil energy given By Eq. (8), Later,
we estimate.(V/v)z'to be x 0.01. For the values of N encountered here, 1.3
to 2, this source of uncertaiﬁty in the value of RO is seen to bé small,

We can estimate the magnitude of the range straggling résulting from
the distributioﬁ of recoilwvelocities,.§?+ Gi ,Thé stopping process itself,
as well as eXperimentallerfors, also contributes to this effect, These are .
considered later,

The Eong@ibﬁtignitOdtﬁeoheQSuredhrangefétraggling from the distribution of

o - . .
v + v.is given by

( (R-RO)2 y = :%-Of. [R(v,V,8) - ROJZ W(e) sind A0 . - (12)

For V/vy << 1 and for W(@) = 1 we have
2. .2 22, 2 . | o
( RR)Z) R = NV, | (13)
and for W(@) proportional to 1/sin @ we have
2 2 2.2, 2
( RR)7) /RT = NV /2v" Lo A - (1)

é
In this development the magnitude of V has been taken to be unique.

. - L :
Let us consider a distribution of magnitude of V with [ ;91 always larger
2

than |V |. Then in Egs. (10), (11), (13), and (1k) the quantity V“ is re-

placed by its average value, (Vz) . Fof(ivz) /v2 <<1, Eq. (8) gives the
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value of the average energy to be associated with RO. If the distribution of
ranges from the effects of the nuclear reaction is a Gaussian function,with
weshatveathein , parameter phqgivehghy
o 2 2. - S :
o = (BRI RS - (15

which, for the caée;W(G)_= 1, gives

o)

Boaw (Pt : | (16)

We can estimaterthe value.gf”( VZ) for the decay of the compound
nucleus by nucleon emié%ion in random directions in the center-of-mass system,

If n nucleons are emitted, the meanésqpare'nucieon.momentum is
(p.")= 2 [E -Q-A E/(A +A) ln, (179

where Q is the mass difference between reactants and products, We assume here

‘that the entire energy of excitation 1is removed by the nuclenns,‘The.resultihg

momentum of the recoiling atom in the center-of-mass system by this "random

walk" process is given by

(p?) = Ai(\rz)% 2 [B, -Q=-A E /(A +4) 1. ~  (18)

Finally, we éet
() 1P o By -y By A ] Oy s AT A B L (9

Actually, there is evidence that W(e) for alpha-particle emission and
fission is closer to the form 1/sin@ in heavy-ion bombardmehts.15-l7' This

S O
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type of angular distribution would result in larger values of ph'than are given
by Eq. (16). On the other hand; gemma-ray emission causes V/v to be smaller,
In view of these uncertainties, we calculateﬁph by means of Egs. (16) and (19)

- with the knowledge fhat the resulting values are only approximate.

V. RESULTS AND DISCUSSION

A. Recoil Behavior of Tblu9 in Al

Thé differentiai method was used to measure recoil properties of-TbllL9
iﬁ A;. A summarﬁ of the expefimental results is given in Table I, In this
tableiwe include oﬁly those experiments that satisfied the fgllowing require-
ments: (a) :decay is consistent with U4,1-hour half period, (b) range distributionis
consistent with Eq. (1), ”(c) the sﬁm of the atomic numbers of proJjectile and
targeﬁ‘h)65cr€6, (&) the a radioactivity oBserved in the most sactive catcher
foil is‘at least ten times the background or activatibn cdrrection. The experi-

ments that do not fit these criteria are described in the following paper.

© -~ The first column of Table I gives the nuclear reaction that produced

-Tblhg, The second column gives the kinetic energy, Eb’ of the beam particles, -
o Q e 18 .. :

&s ead:off the range-epiergy-curvesaofilorkheldffescn -~ "t~ .. .0 W2
Lommenn o o L e e e L. Weialsoe give the total

thickness of beam-degrading foils (column 3) in terms of mg/cm2 Al, TFor the
purpose of caléulating this total thickness, the target-layer thicknesses have
been converted to an equivalent amount of Al by the factor 0.535. Tﬁe initial
begm energy of 10.38 MeY.per atomic mass ﬁnit haé been measured for Cl2 by

Dr. John.Walton.19 We have used this figure for all ions. The target thickness,
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Table I. in Al
. Beam ﬁmaede. Target w, Calculated '
energy,E, degrader thickness o recoil Calculated
Nuclear reaction (Mev) ,Asm\oambwv AIM\oEmv‘ AEM\omewv o mﬂmwmwnmnz Py
H:HA 1z ,4n) 553 45.8 33 0,367 0.28 b, 2% 0.09
H:HAo ibm) 58.9 I .0 49 0.371 0.27 k.56 0.12
H:oAz ,5n) 69.1 37.8 23 0,495 0.25 6.08 0.10
1a*3%(0™®,6n) 86.8 31.1 55 0.657 0.24 8.6t 0.08
1239019, 6n) 9%5.0  28.5 12 0.7 0.23  9.83 0.10
1a3%(0 16 ,6n) 96.6 28.0 32 0.708  0.20  9.59 0.10
5 13906, 6m) 108, 25.% 13 0.765 0.21  10.36 0.125
) wmwwonwmymsv‘ 12220 27.1 12 0.921 0.19  13.e7 0.10
wmpwmAmem\wﬁosvm meNMb 17.6 67 1.323 0,1k 21.32 10,08
pal38(we?2 p1on)®  186.9 12.4 66 1,h21 0.13  23.80 10,09
al38(me?2 p10n)®  205.0 7.1 63 1.510 0.15 ° 26.25 0.10
5at38(Ne2 p1on)®  223.3 1.6 62 1,557 0.1+  28.59 0.10
19

8The reaction AZm

,11n) followed by radioactive decay to form Tb

“is also included.
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range, and straggling parameter are shown in colimns 4 through 6. Column 7
giveé the‘average recoil energy,‘ECN, calculatéd from Eq. (8). The last
column gives the range straggling due to nucleaf-reaction effects ‘calculated
from Egs. (16) and (19). | A_

If is clearly possible that.fhe Tblhgvhas been produced by mechanisms
other than,thé_compound-nucleus mechenism and that Eq. (8) does not give the
average energy of the recoil atoms. Therefore, we have used an extrapolation
procedure to estimate -the récoil vange at the threshold enefgy,=Eth, for the
reaction. The values of the atomic masses were taken from Wapstrazo and
Eq. (8) is (as previously discussed) independent

21 _
Cameron, For Eb = Eth’

ofAreactlon mechanism, The ratlo_Ro/ECN has been plotted agalinst Eb - Eth as

shown in Fig. 3. Straight lines of the same slope are consistent with the

" data from Ol6vand Ne22 bombardments., Therefore we have drawn parallel straight

12 1k 18
)

lines to extrapolate the data from C N” ', and 0" dirradiations. The re-

sulting values of Ro are given in Table II.
In Fig. 4 the measured and extrapolated values of Ro arevplotted

CN* A smooth curve that passes through the extrapolated points 1is

consistent with the measured points. This agreement is evidence thaﬁ Eq. (8)

149

is valid for these nuclear reactions; and hence that the Tb range -energy

against E

curve given in Fig. 4 is correct.

B. Recoil Behavior of At and Po in Al

“We list in Table III our observations of At and Po recoil atoms that
satisfy the following requirements: (a) range distribution is consistent with

‘Eq. (1), (b).the sum of atomic numbers of projectile and target is. 84 or 85,
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0 10 20 30 40 50 60 70 80 90 - 100

Eb_Eih (Mev) :
‘ MU -=19795

Fig. 3.. Extrapolation of 'ra.nge data for Tblh9~ to the threshold

energy. The average range 1s designated by RO , the calculated
recoll energy by ECN’ the bombarding energy by Ebv’ and tbe
threshold” energy by Eth' The points are as follows: B
‘bombardment by Clzi, ¢ N,lb', & 016, v 018, @ Nez2
- See Tables I and II, |

.
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Teble II. Mean range of‘T'bl‘)+9 in Al extrapolated to .

reaction threshold

R

E .
. - CN o 5

Nuclear reaction (Mev) (mg Al/cm®)

pr ¥ (12 un) 3.83 0.328

CéluO(Nlu,Sn) : 5.15 0.426

,Lal?9(ol6,6n) | 7.52 | 10.585

1739(0, 8n) 986 0.7z

pal38(ne?2 p10m) 16.53 . 1.106




_21- | | ~ UCRL-8997

er—1 1 ] R e
1.4 — ' At (in Au) ‘ ~

]

'
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)

e :
0.8— At (in Al) —

0.6[—

Range (mg/cm?2)

0.2 |— ' , ' —

o | § | |
0 5 10 15 20 .25 30
Recoil energy (Mev)

MU -19796

- Fig. b4, Ré.nge-energy data for ,Tb:u‘L9 in Al, At (and f’o) in .Al,. and
' At (and Po) in Au. The points are as follows: B bombardment

oy 12, & x*, A o° W 0%, @ ne®2. Closed points
_are measuréd values; open poihts are froin extrapolation to the

threshold bombarding energy. ©See Tables I-VII and Fig. 3.
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Table IIT, Recoil studies of At and Po in Al

. Beam . v o | Calculated
energy, Total Target R recoil :
Bean wd Qmmwmnmw deowanm 0 ) msmwmw»moz Probable
Target . perticle. (Mev) (mg/em™)AL (ug/em®) (mg/em®)A1 P "~ (Mev) >w
29T .opm 70.9 37.7 R 0.281 0.28 . 3.99 205
wT R 85.2 29.3 s 0.318 0.27 477 20k
el ctE -87.7  27.6 :w‘ 0.318. 0.31 Lol 20k
B 7.9 45 041 0.26  6.36 201.5
Ir o T2.h 42,1 64 0.410 0.23 6.06 207
Ir ot® 112.9 30.3 N ©0.598 0.19 9.27 203
| 18 | _ 0.670  0.20 10.69  202%
Ir | 0 130.9 23.9 75 - | « | a
. ‘ - 1 0.635 0.29 10.66 204
o W81 17.2 72 0.732 0.26  12.10 202
Ir o8 1645 10.3 78 0.770 0.24 . 13.37 201
Ir oHmw 182,.9 2.0 75 , o.mo< 0.23 14,75 199.5
" Re N 1286 27.2 69 0.739  0.20 12.68 202

mwmoo.ﬁ properties change with time, The decay of these foils indicated the presence of two

components--~-the half-period of about H wocwzmm.mﬂ%u&o wo,mow mb@dwmwmwwuwmwwomow‘mdozd

4 hours we assign to Huomo:‘.. .
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(¢) the o radioactivity observed in the most actiVe.catchgr foil 1is at'léastnten
times the background orvactivation correction. In these studiés ﬁé haversbe
served the gross o activity of the folls. ;In most cases the,a activity was
from several nuclideé, as evidenced by the decay curves. We have estimated
the mass number of the products from the decay properties;l33 threshold
energies,zo’Zlvand prelimiﬁary excitationvfunction measurements by other.
workers;a? The probable mass numbers are given in the last_column.of Tabie
III;

" In the treatment of‘Tbl)+9 recoll data we extrapolated'the measured
range values to the “threshold energyvand thus‘showéd the consistency of the
" measurements with Eq. (8). 1In general, this procedure is not possible for the
‘At and Po observations. -Thereforélwe must assume the validity of Eq. (8) fof ‘
this situation. The activity from the experiment &ith 7&ub—Mév O18 ions(h

decayed withuaul;S-hour half-period, which we assign to A£207. Similarly, with
12 '

©.70.9-Mev C
205

-ions We‘oﬁserved a 30-minute ha;f-pefiod, which we assign to
At The incideht.energy is only quq Mev greater than the threshold for
the reaction Irl93(018,4n)At207 in'thé former case, and_ihvthe latter case
only 15.¢ Mev greater than the threshold for Aul97(Clz,4n)At205. From the
discussion of Tblu9 recoil properties in the.pfevious section and in the fol-
lowing paper, we consider it unlikely that Eq. (8) is seriously.in error for
bombarding energies so close to the threshoid; Therefore,; we have weighted
these points most in drawing the range-energy curve in Fig. b, oonocrocoio

\ . .
\

h ey e . . - LT T T e
RPN PR . o e e e
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C.  Recoil Behavior of At end Po in Au

;  The integfélfmeﬁhbd has been used to méasuré'fbe:recoil'pfOPerties of
At anvao:in Au, The recoll atoms were formedvby.ifradiaﬁionrdf Au targets
with Clz'andlol6. The éxpérimehfai reéults.fdr C12 bombardmehté'of Aﬁ are
given in Table IV, The results with Ol6 are.giVen in Table V for the dif-
ferential éxperiméhfs:(neéded'in analyzing the integral experiments) and in
Table VI for the'integral!experiﬁents;
| We assume that Eq. (8) gives a good approximation to the recoil energy
for the reactions of:élziwithiAuo' This aésumptioh is incorrect for the higher-
CN'célculatéd by Eq. (8) a:e.mdch':
larger than those read.off the At (in Al) curve in Fig. 4 fbr the values of

energy 016 bombardments, The values of E

'RO given in Table V. Our measurement of the gross a activity is meinly from
vthe‘decayfof‘ﬁteand Po nuclides with some contribution possible from Em and
. Fr activities. These products have atomic numbers the same as, or 1 to 3
units less than, that of the compound nucleus, Fles. Thus, a Variety of
mechahisms; in addition to the formation of the compound nucléus, is possible,
A furtﬁer discussion of the mechanisms of tﬁese reactions is given in the
following ﬁaperilz

We are ﬁnable‘td calculate.exaétly the values of reéoil energies for
' ﬁhe Ol6vexpérimenﬁs,' However, we can associate an appro2imate'reéoil energy,
'Eeq; with each range measurement, For this purpose we compare the measure-
ments of the range intAl'(Table V) with the range-energy curve for At iﬂ Al
(Fig. 4). The energy'corresponding to each range va}ue is designated as Eeq°

The values of Eeq as & function of bombérding energy are given in Table V and

Fig, 5. For each of the integral range measuréments in Table VI a value of

«
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Table IV, Recoil studies of At end Po in Au fromaclziqubardment

‘Calcuiatédj “EBsti~

" Beam - | . '

S Total Target . DO :
energy . ‘ 1 v recoil ' mated
Eb ,Qegradgr thickness ;RO B _Wenérgy’EcN' _ AR
(Mev) (mg/cmz)Al 3 (mg/cmz)Au (mg/cmz)Au o (Mev) '

o | 0.503% |
65,3 40.9 | ~0.459 0.43 3.67 205
' ' 0,519 :
69.5 38,4 0.643 . 0.503 | 3.93 205
79.2 33.0 2.501 - 0.592 | 4. b5 2045
83.2 30.5 10,701 0.592 4.66 20k
0.559" o
92.1 2.6 0,640 0. 44 5.4 203
' 0.58k4 . . .
94,2 23.2 2,446 0.749 5.25 203
9.4 . 22.5 . o.9s2 ©0.692 5.3 203
9%.6 21.5 0.362 | o 0.41 5.40 203
106.8 14.3 1.292 ~0.760 . 5.93 202
108.2 - 13.2 . 1.266 0.751 6.00 202
1142 85 0.549 | L oz 631 201
117.7% 6.0 | 1.452 0.83k 6.48 201
 (0.619% ' I
119.2 4,5 o 0.824 0.46 6.58 201
0.654
119.6. ' h.2 2.45 0.881 6.60 - 201

119.8- 3.9 1.095 0.806 6.62 201

Bvo adjacent Au-layers in the order indicated were used in these experiments.
After irradiation the Au layers were peeled from the Al backing and the Au and

Al samples were counted separately.
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able V. Recoil studies of At and Po in-Al-from'olé;boﬁbarament of Au

Beam S : ; :
energy . Total o iﬂTarget k R PRI &
By . degrader . ‘thickness - B | Beq

(Mev) - - (mg/cmZvAl)' S Vv(u.gv/cmzwvAli).--- (m-g/CUiz Al) . Q . (Mev)

80.4  33.0 43 o397 o2k 5.81
§o.3 - 29.8 I ' o.kbok - 0.27 5.95
003 26.8 " ot 0.z 7.09
104.8 25.3 | W3 0.466 0.27 1.6;
12@.8 19.5 R 1_0.519 | 6.30 7.8)
49,6 11.6 42 0,575 0.32 8.8
'158.6 3.6 10 0.5% 0.33 9.4
158.8 3.k w2 0,587 0.35  9.0:
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Table VI. Recoil studies of At and Po in.Au from 0'© bombardment

Beam

energy, . .Total , Térget . R

E . degrader © thickness o By
(Mev) (mg/cm® A1) (mg/em® Au)  (mg/em® Au) (Mev)
g2.0 324 1266 015 5.7

.1ﬁi.6 22.9 - 0,549 : , ©0.39 7.5

1171 . 20.9 2,51 1.1 7.8

143.6 S 18 . 2,&0" 1,14 ' 8.1

s 0.695 | o

125,8 17.8 ' S1.1k 0.k2 8.2

o 1.381

7.7 16.8 2.50 8 8.8

1897 15.7 0.579 o039 8.
’" : , 0.950° | '_

137.,9" ~ 12.7- : SR 1.22 . 0.4 8.6
‘ 1.390 3 o o
o » 0.93%° 1.2 oM* 8.9

8,0 8.k 5

11.381 1.21 0.50
T . » o | o o.m*
e, 7.8 0.695 . | 8.9
R ) - - ‘» . . O,h’9 .

157 ke 2.50 138 9.1

o : [ 0.961° - o5 .

15k | 5.4 - . w2t . .9

T o : 1060 ok

aTwo Values are giﬁenﬂif.a significant‘change in recoil propertiesﬁwas.ob~
servédvas_the fdils‘deéayed. The values giﬁen'here are-the.extrémes of the

observed gquantities,

b‘I‘-wo adjacent Au layers in-ﬁhe.order indicated were used in these experiments.
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Eeq(Mev)
Q
I

I L1 | l I I
°0 80 90 100 10 120 130 140 150 160 170

" Bombarding energy ,Ep (Mev)
‘ : MU=-19797

Fig. ‘5.‘; vEeq of At a.nd Pov regcilil atc;ms produced by él6 bomba.rdn'fent
of Au as a function of the bombarding energy Eba Curve A 1is a
smooth. curve through the experimental points, Curve B was
calculated from Eq, (8); the values of Ay vere estimated.

- The values of E, and E , &ve from Table V,

a
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“E__ was taken from Fig. 5. These values,of E eq’ given in the last éolumu.of

eq

'Table VI, were taken as the recoil energy in the constructlon of the range-

energy curve for At in Au shown in Fig. h _ We assume that the dev1at10ns of

‘Ee from the true recoil energy cancel when stopping in Al is compared to

stopping in Au. -

D. Range Straggling

The measured values of the‘straggling parameter, p, are given in

Tables I and IIT to VI. The p values derived from the differential experi-

ments are the results of the combination of several effects: (a) range

straggling inherent in the stopping process, p, (b) velocity distribution

in the nuclear reaction, Py (c) catcher-foil inhomogeneities, p., (a)

@arget thickness;_pw. The Cmelnation‘of these effects is given approximately

ae follows:

2 : ‘ ‘
py TP, FPp o o ) ‘ (20)
" The value of p,, can be apprex1mated by 0.54 W/2R, the factor 0.54

being an estimate of the relatlve stopping power of target material and Al.

The measured Values of ) are always con51derably larger than Py Thus the

effect of P, can be subtracted'qulte accurately. -Since we did not determine

the uniformity of the foils on“a.microscope'scale,‘we have no value for Pe for
the differehtial experimentSJ In the integral experiments Py is absent in

Eq. (20)' We belleve that the evaporahed Au foils, used in the integral ex-

B perlments were unlform in thlckness Therefore Pe for thls case 1is zero,

Thus we get :for the 1ntegral experiments

2 2 2 " | | '
R | - (21)



- -30- UCRL-~8997

We have already proposed a means for e;timating the value-of-pn'if the
nuclear reaction proceeds by way of compoundﬁnuéleus formation followed by |
isotropic nucleon emission (see Section IV and Eqs. (16) and (19)). .Théa'f
values of Py calculated in this way for the Tblu9 experiments, are given in
the last column of Teble I, The value df'N at each value?df’the recoll energy
was taken as twice the slope of the tangent to the rangeQéhergy curve‘asf
plottéd on a log-log scale.

We do not expect the values for Tbll‘L9 (or“for At) to be accurate,
However, we do expect p to increase as - N V2 )lzz/v increases, if Py is the

dominant term in Eq. (20). ‘i c.cownscweluog of

R
o Li;? FfomthﬁblEilJf» we see that p either is constant, or aecreases
slightly, with increasing <Dh11 w dffﬁ¢ for each given nuclear reaction.

We cohclude that pnz'muét be small with respect to ps2 + pf2 for these measure—-
ments. The calcﬁlated values of Py are indeed @uch smaller than the values of
o (Table I).

| When o is>much.leés than p, thevcrude approximations given in Egqs., (16)
and’(i9) are adequate for subtractingitheveffect of p . InFig. 6 the straggl-
ing parameters are plbtted égainst l/ROa Each point represenfs a measured

ugvpoints to indicate thevmagnitﬁde

value. An arrow has been drawn for the Tbl
of the correction on p from th¢ subtractioﬂ of p, and o bj means of Eq. (20).
‘The calculation of Py for At and Po recoil éibﬁs éahnqt bé made ac-
curately,because'of.uncertainty as to the reactioﬁé,ébser&ed. We'estimate the
value of Py to be roughlj 0,1 for the reactions assumed to occur by compound-
nucleus formation (Table III). This crude calculation leads us to expect that
~ the subtraction of Py from p for At and Po stopped in Al is about the éame as

for Tblh9.

P
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T 1 1 I T T 1 I 1T T 1 T T T
0.5;’7,_ —
1 . | |
= . .
S o , T e . : . At (in Au) :
oy _‘ o ’ | , | ]
g ' | | 49
: S L ' ' : ~w Tb'"9(in Al
g 0'3_ ' i f s ("] -H
u B Q At (in Al)
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= 0.2— T ib?, . ‘ ]
o .
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U I (A
o.1 —
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[ I | I T | N I | L1 1

o) i - -
0 1.0 2.0 3.0 T 40
‘ Ry (cm2/mq) . .
MU-19799

Fig. 6. Straggling parameter p versus the reciprocal range, R —l.

Closed points are for At (and Po), open points are for Tpt 9
132 (P. F, Suzor, Ann,
Phys, b, 269. (1949). The p values less than 0,32 are for
stopping in Al =nd greater than 0.38 for ~stopping in Au, The
symbols a.re as fOllQWS' ® bombardment by o y ’ Nlu

A 016 ' 6)18 @ me®®, Theoretical values from Eq. (27)
' ) -1

the cross 1s for the fission product Te

are shown by horizontal 1ines terminsting st values of R_o

for which v = V_..
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The range straggling observed for At and Po recoils in Au was always
measured
much larger than the straggling in Al, Therefore tthFtraggllng in Au must
be mainly due to the stopping process. We estimate that Pyq ig only about 2%
less thap.p for the reactions induéed in Au by Cl‘2 (Table IV);

As ﬁoted.in #he précéding sécfion; thé hucleaf reactions ﬁe observe
in ‘Au frém the highér-energ& O16 bombardments cannot be completely‘attributed
to a compound-nucleus mechanism,h.Equations (16) and‘(l9), therefore, cannot
be uéed fofbcalcuiatiﬁg pn-for these experiments. Instead, we have eétimated'
Py by cqmparing the meaéured o) values from Table V (differential experiments
Withiol§-ana Au)-with'the points indicated by the tips of the arréwé in the
lower half of Fig. 6, The resulting values of Ph wefe'used tojcérrect strag=-
gling measurements of At and Po in Au from-016 bombardment (the arrows indi-
cated in Fig. 6).

Our method of determining p in the integral experiments.depends on
the approximation that the range diétribution is of a Gaussiah,form. The
integral method is very sensit;vevto the range distribution fof R much less

than Ré. The fact that the values of p are essentially constant as (Ro - W)/RO

varies widely indicates that this approximation is valid (see Table IV),

E, Thlck-Target Thin~Catcher Experlments

A few experlments were performed with thick Pt foils (“ 6 mg/cm
followed by two thin Al catchers and & thick Al catcher In.principle, this
method can glve values of the range 1n Pt and the range in Al The results
of thesge experlments are presented in Table . VII The;flrst“and,second columns

present the calculated beam energy on entrance to énd exit from the farget
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foil, In.the third column is given‘the totai Alzequivalence,of the;degrading
foils. The next.seven colhmns give the'actual experﬂMental obeervations:“FW
18 the fraction.of the.total o activity obseryed.in‘thentarget; Fl,’Fz,‘and
F_ are the corresponding fractions observed in the three'catchercfoils, The

3 |
thicknesses of the first two catchers are designated by tl and tz. Ranges

in Pt, column 11, were calculated from Eq, (2), the straggling correction being

negligible. These range values may have errors due to changes in cross section
because the beam energy was degraded appreciably ny the target foil, An addi-
tional error may have been introduced by the large counting correction for
the absorption of alpha particles in the target.

The calculation of the range in A1 is not so straightforward ~ If the
range ~energy relationships in Al and Pt were proportional, and if straggling
effects could be ignored, then we would have. |

(Fl+F2+F3) : - (F

N F h T T, 2

+F, 4 F3)

1

1

Those recoil atoms that spend most of their range in Pt have a broad range

This is not the case, however, as shown by velues of Fi.and t, in Tasble VII,

distribution, whereas those that lose most of their range in Al have a more

narrow range distribution. Also,.as shown in Fig, 4, the range=-energy relation-

ships in Al and Pt are not gimply proportional We have not attempted<to
analyze these effects accurately. Instead we have made a 51mplifylng assump-
tion that the d activity per unit thickness increases linearly with penetration
in Al to a depth equal to the rangelin Al. Thefresﬁlting approximate values of
the range in Al are given in the next‘towtheblast,column,of Table VII, :This

method is subject to more uncertaint& thanvthe differential method. For this

1 . . o (22)'

P
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‘reason ‘these measurementS»have,been ignored in_@rawing the rangeaehergy curve
in Fig. L. Nevertheless,ffhe.consistency~éf‘these results with the other

data in Fig. 4 (except for the value of R in Pt at 5.85 Mev) 1is noteworthy,

VI. COMPARISON WITH THEORY AND WITH OTHER MEASUREMENTS

Bohr's treatment‘of the.penepfationicf,aismic-paitiéles through msttsr
sprovides a -convenient. framework for<a»discuss1on.bf.our res‘ultsi1 Bohr
proposes the veloeity of the electron in hydrogen atom, vo,'as a rough Adivid~
ing line between stopping by atomic interactions (v < v ) and stopping by |
electronic -interactions (V'>>>»vo). .The recoil-velocities in our work extend
from the vicinity of v to values approaching the vslosities of fission .-
.fragments. If-is our hope that .this study of the tfansitibn region will aid
in unraveling the confusing array of phenomena that contribute to the stopping‘
process, |

The following expression has been.giVen‘for v < v and for AR >>iAsﬁl’3’lF

RO=BE1 (23)

where AS(AS . AR) JQSE/S*%RZ/3

™ z, T & )

‘B = 0,600

Here Z and A are atomic and mass numbers Withrsubscripts‘s for the stoppingb
atoms and R for the recoilihg atomsg,
The experimentally determined ratlo, R /E from Tables I, III, IV,

and VI is plotted versus E in Fig ’? Here E refers to ECN or Eeq‘ The
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Fig. Te Ra.nge divided by recoil energy versus recoil energy
Closed points sre for At (and Po)s open points for ‘]?bl1+9
The points a.re as follows' | bomba.rdment by C:Lz ’ N
A 016 v 018 @ e 22 me upper femily of points
is for stopping in Auj; all other points are for stopping in
AL The lines, terminating et v"=".v0', ‘show the theoretical
predictions from Eq. (24).
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horizontal lines with values of the ratio given by Eq. (24) extend to values
of E for Which the recoil velocity is v = Ve The‘daﬁa on the stopping of

-Tblhg and At. in Al seem to be approaching the theoretical value as the recoil

_ energy decreases.

Theoretical equations have been presented for AR <<:A but none for the
;n

stopping of At in Au, where AR A N For AR < A -the ‘recoil path deviates
con31derably from a straight line, whereas the projectlon of this path .on the
‘beam direction.is(agtgally measured here, It is therefore not surprising |
that.tne'values of’R /E for the stopping of At in Au (seé Fig. T) are smaller,
by sbout ho%, than the values given by Eq (24). The deviations . from straight-

149

.line motion are expected to be smaller when Tb and At are stopped in Al,

Indeed the experimental values for stopping in Al (Fig, ) are more nearly_'

in agreement w1th Eq., (24).

‘Our values of the rangeimay be compared with data from several other
sonroes for the two generalncaees‘studied here; Aﬁ;>>AS and AR ® As‘ For the
pdrpose of this comparison we eonrert theeexperimenﬁal results for various

re001llng and stopplng atoms to values for the.range and energy of two

"reference" systems:  Xe 139 recoiling into Al, and At 203 into Au, ‘The nuclide

e 139 represents the median—heayy fission fragment (aotuallyf(Z) = 53,6,
(A) =138.8) from sloweneutron fission of U235. Range-energy data are
available for this caee.ll |

At the same,reooil velocity a given value of the average range,_Ri,
for an atom with atomic naas A recoiling into any material can be converted
lnto the value'Ro of the.referenee ayatem by tne.e#pression -

A

R = 5 R, (25)
i1
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where B and Bi are given by Eq. (24). The energy corresponding to the con-

verted value, Ro’ is, of course,
5. Ry, @

The use of Egs. (25) and (26) is justif'ied theoretically for initial
velocitieszless.than'vb, Thereﬁore, in the conversion to the reference system,

hnger errors are expected for hlgher initial veloc1t1es In order to minlmize

the convers1on errors we chose Xe139 as. the reference nuclide for the case
AR;>> A . The limits of appllcabllity of Egs. (25) d (26) can be tested
by the experimental range data, In Fig. 8 we see that the data for Xel39,

Tblh9, and At203 in Al form a consistent pattern° However, if the datsa for

the median—light fission product (Sr97 with recoil energy r7~98 Mev) are
treated in the same way, the range values are sbout 25% less than those points
shown 1n Fig. 8,

The straight lines in Fig. 8 were calculated by means of Eqs. (23)
and (Zh) and terminate at v =V It appears that the ratio of experimental
" values of the range to the calculated values is almost constant for recoil
energies of about O 1 to 10 Mev | |
| The values of Pg prov1de another test of the theory of stopping. ,A
| cording to,Lindhard and Scharff,3 Pg is given by “

o 1/2

= [2 A AR/3 (A + AR) ] (27)

for Ap>> A_. The value given by Eq. (27) is shown in Flg 6 as a horlzontal
line terminating at the value of Ro-l for which Vo=, The agreement between

the ‘measured and theoretical values is quite good for the smallar-values'of
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Fig. 8. .Range-energy data converted td heavy fission product stopped
in Al and_At‘203' stopped in Au. Open points are for the heavy o
fission product "Xel39"“”(Z = 53.6, A = 138.8) and closed points
are for. At.203. Lines términating ‘at \v> = Vg, are from Egs. (23) v ‘
and (24). The points are as follows: [f] TTolug,_ this work;
O At203,'this1 work; (O- reference 53 ¥ reference 63. . ,
[\ reference T; 0 reference 9; ) reference 10; Q reference 11,
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Ro’ even for the:stopping of At in.Au where AR ~x AS. The latter agreement
may appear surprising in-vie& of the poor‘agreement noted in comparing the
theoretical and megsured ranges. waever, the‘measured value of pfis.pro-
portional to the range straggling divided by the average range both project-
ed on the-beam‘direction. The. projection of each 1s appreciably different
from the,values.along_the true path. It appears that.these differences,cancel.
- . One qualification must be made for the comparison-in the .case .of
stopping in Al, After correcting for Pn and oy ,.we are left with (ps2 + pfz)l/z,

We.did not measure Thus, the" agreement noted with theory here depends

on P <<‘.pa a

Ppe

Almost all of the range‘straggling from the stopping process is exe= -
pected to be due to atomic collisions for velocities less than Vo and little
or none from electronic interactlons. 1-3 Therefore, for initial velocities
greater than‘vo,bthe range straggling,_( (R- R ) )l/z.should be approximately
constant, and ps,should be-inversely proportional to the range. 'Thisvresults

from the relation

ol = (@r)HYy mE. (@
According to Flg. 6 this 51tuat10n is approached for stopping in Al, On the
other hand p should be 1ndependent of energy for initial recoil velocities !
less than vo. ’3‘ We can see from Fig. 6 that our. measured values of p appear

to become independent of recoilzenergy'for low energles.
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