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MULTIPLE TRAVERSALS OF HIGH ENERGY PARTICLES IN A CYCLOTRON
© BEAM ‘THROUGH THIN TARGETS

W, J, Knox
Radiation laboratory, Department of Physics

University of California
Berkeley, Califorania

Seprember 1, 1950

‘ © ABSTRACT
An experimenté; determination has been méde of the average numbefs 6f times

that 340 Me~ protons traverse various targets in the Berkeley 184-inech cyeclotron,
The numbers range from slightly above 1 for a iainch thick copper barget to
gbout 15 for an aluminum target 0,0015 inches thicko The resulits are compared
with caleulated values based on multiple scattering in the target and oscilla-
tions of the particlés in the c¢yelotron, It is believed thaﬁ the results cén be
adapted 1o apply to various parﬁiales_of different energies in the cyclotron,
Calculations are made on the energy distribution of beam particles which cause

reactions in a target and distribtuions are shown for several targets, The

"selection of targets fof*the production of high energy neutron beams is dis-

cussed, Histograms are presented showing the depth of radial penetration of the

0 Mev proton beam into various targets,
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MULTIPLE TRAVERSALS OF HIGH ENERGY PARTICLES IN A.CYCLOTRON
~BEAM THROUGH THIN TARGETS

W, J, Knox
Radiation Laboratory, Department of Physics
Univergity of California

Berkeley, California

Sepvember 1, 1950

I Introducticn,

It has been known forvsome time_that somebof the high energy particles
in a ¢yclotron beanm pass'through a thin target more than owee, Alsg it has been
pointed out that the_magnitude of this effect is.probably dependsnt upcn the
amount oflmultiple'scattering pf ﬁhe particlea in the targeﬁol Jn the work des- -
cribed in the preceding paper it became evident that the effective flux of |
particles through targets-of different thicknesses might vary by an order of
magnitude even whepn the targets were bombarded under identieal eyclotron conditionsa
This has anyobvious bearing on certain problems such ag the energy distribﬁtions
of neutrons érvéther particles produced in a térget and the relative yields of°
particles or isotcpes‘produced in different targets, Cbnsequently it was thought

that some fﬁrther investigatiéh‘ofvthe effect was called for,

Il Experimental Procedure,

Targets of differenﬁ thicknesses and materials were placed in the path
of the circulating beanm of the 184-inch cyelogron and bombarded with 340 Mev
protons_at a radius of 80,5 inches, These targetsIWere one inch high, from a
few mils to one ineh -thick, and were held in place by a clamp one half inch,back
fiom’the edge of the target, With'each targei was‘mounted one oOr MmoTe aluminum

Poil monitors one and one half mils thick, The edges of the monitors wers

1 A, C, Helmholz, E, M, McMillan, and D, C, Sewell, Phys Rev, 72,6 1003 (1947)
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caréfully aligned td coinecide with the edges of the targets, The relative
amount of béam through each targef was thep‘determined by counting ﬁhe Na24
activitiéSVProduced'in thevaluminum monit;irso rThe crosé section for the pro-
ductioﬁ of Nazé“in Al by high energy protons is constant (i 15 pereent) in the
energy region 100 te 340 Mevoz | 7
“In order‘to be able td compare fhe effective beains through different

targets uader similar cyclotron conditions;_a device was cgnstruetediwhich would
rotate four.different,targetsvsugcessively,into the ﬁeam and which could be
controlled from outside of the cycl§tr§n shieldihg, This device‘is.aeiuatéd by
8 cBil which hangs with its axis perpendicular to the'maghetic field of the‘
cyelotron, When a eurrent is‘passed through the coivl‘q if rotaﬁes.th;oﬁgh.9o
degrees so that its axis is parallel to the magnetic field, ana when the curf
‘reﬁt J;.s‘stopped9 the coil falls back‘to its original'positioﬁ by gravitational
actionQ. This‘rotating action is tranSmifted meehanically t0 a windmill which
has targets clamped on thé ends of its arms, A meéhanical poéiﬁioner is added
- so that the windmiil can end up only‘in éne of four diséréte pdsiﬁioné 90 degﬁges
apart, A single rotation through 90 degrées can bé accbmplished in a time of'
the order dfvone second, | o | |

: _ 'With ﬁﬁe targets and monitors méunted on the térget rotater the assembly
was inserted into thejéyelotpon aﬁd bombarded with protons,' The constancy' of
the eyelotron beam during'the'five minutes or so that a given taﬁget was bom-
baréed was observed with ionization chambers. inside the éyelotrog shielding
which measured the general level of radiatioq from the eyelotron and target;
It was found by coméaring the ionization chamber readings with counting rates of
neutrons producea in the targets thaﬁtthé ion chamber readings could be used |

to determine the constancy of the beam through the target to aboub 10 percent,

2 R, L, Folger and P, C, Stevenson, to be published,
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The transition from one target to another was accomplished in a time'of the
order of one second, and it is only necessary to assume that thé cyclotron
operating conditions do not change rapidly during this period, Actually it
Was quite easy to hold bperating coﬁditions stéady wifhin 10 percent for twenty
minutes or more during‘which a set of four targets could be'bo_m.barded° Thus

in each run four targets were bombarded with all cyelotron conditions the same
except ﬁhe pature of tﬁe target itself, At the endvbf the run the monitors
were allowed to decay for about 24 hours to allow.the 2-hour F18 and shorter

24 was counted with a chlor;

lived activities to die out and then the ls—hoﬁr Na
ine filled Geiger-Mueller tube and.relatedvcircuits, When targets of atomic
number greater than aluminum were bémbérded, thé monitors ﬁere shielded from-
the targets with other’éluminum foils to prevent recoils or'fission fragments
from contaminating thé monitors, .. |

‘MOnitors>were'pla¢ed on both thé froﬁt”and back of all fhickvtargets
(>1/2 in.) and some thin targe£s @5”1/2 in,)_- In four‘bf the thick target cases
the back mOnitor.read from 10 to 25.bercent‘less ﬁhan,fhe front mbnitér'after
correcting for'at%enuatiOn, In all other cases the tﬁo monitors agfeed within
lO'pércent;'iThe averégevvalues.of the activiﬁy in tﬁé'two monitofs was used,
This effect‘pfobably depends oﬁ"the'alighment of the edge of the térgét with
thevbeam direction, ZFrom the distribution of activity in the monitors it can -
be estimated that a one dégree misalignment of a one inch target would cause

about 15 pefcent of the beam to miss one of the monitors, 'Scattering also tends

to cause some of the beam to miss the back monitor,

III, Calculations and Results,

Using the above procedure data were obﬁained in the form of groups of

24

four values for the Na™ = activity observed in the monitors attached %o four
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different targeté bombarded.under the same cyclotron conditions, Tﬁis activity
was interpreted as being proportionél to the actual flux of particles traversing
the target under consideration, It was found thét the flux varied by as much
as a factor of 10 in comparing é thigk target to_a thin btarget,

It was assumed thét the proper variable to.use as a basis for comparison
of targets of different thicknesses and diffe?ent atomic numbers was the root
mean square moltiple scatiering angle of the ﬁarget to 340 Mev protons, The

formula used for the plane projected mean square scattering angle was

B2 1/3

1o 183 z
(EZ—E02)2

. |
o =8 mz°etmt

when E and Eo are the total and rest energies of the bombarding proton and the
othei symbols refer to the target, This is-taken from Williams scattering
formula5 using nuclear radius.and Bohr radius for cutoff parameters with somer
fefiﬁéments for shielding, In order to'verify'this assumption targets cf Be, Al,
Cu, and Pb of thicknessesrcalculéted to give the sa@e multiple scattéring angle

were compared in one run and it was found that"thé fluxes through these targets

were the same within 10 percent (see Table I, RunvII),' The 10 percent variation

is probably about the reproaucibiliﬁy of the teehniqﬁe for individual results;
the'variatioﬁs did not show any trend with respect to atomic numbef‘pr thickness,
~ Table I shows the results of severél individual runs, Each of these

groups of féur values can be pldtted in arbitrary units as relative beam‘through '
a target versus the muitiple sCattéring angle of the target, The actual number
of times that the beam cireulated through the target, or the beam which would bé
observed With a target thick enough to sto§ the beaﬁ completely, is still unknown,
Howeversvsince'it is known that the multiple scattering angle is the prcper vari-

able with which - to compare targets, the different'groups_can be plotted on the

5w, 7

o @

#illiams, Proc, Roy,.Soc, 169, 531 (1939)
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TABIE I
Run " Target Thickness - Multiple Scattéring  Relative flux
L in inches angle in milliradians through targef
Al 00,0015 0.48 9.3
AL 10,0115 1,33 . 5,3
N\ I ' . ’ .
Al 10,126 | 44 £ 2.0
Al 0,758 ’ 10,8 . 1,00
Be 0,750 | 5,0 . 0,92
N 0,160 5.0 | 1,08
II S o s :
cu 0,024 | 4,9 | 1,02
. Pb . 0,009 5,0 . 0,97
. Be ' . 0,38 .. . 29 45
Al . . 0025 | | | ‘.6.02I | R . 109
IIT | S ‘- e EE
cu = . 0,25 o 16,00 . . 1.4
P 0,25 - 26,6 1,00

Data obtained by direct comparison of activities produced by
340 Mev proton beam in mohitors attached %o different targets., In each run

the four tafgets:were-bombarded under idéntical eyclotron operative conditions,
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same graph and the verﬁiéa} scgle fqr each group can be arbitrarily adjusted
until all the values lie on a smooth curve, Furtherﬁore; it can be assumed that
if\the data were carried out to targets thick enough to'stop the beam, the
activity in the monitor wduld'represeﬁt the actual current accelerated by the
cycloﬁrono The\particlés would pe ggce;e:ated? would strike the target, and
none 6f the pafticles would circulate in the cyclotron and strike the target

a second time, If one now considers the avepaée"number of traversals of the
particles in the beam through targets; it is seen thét the_data exfrapdlated

to very thick targets shoﬁld approaéh a value bf one, TFig, 1 shows fthe thick -
targeﬁAdata plotted versus the inverse of the multiple séattering angle adjusted.
to approach a value of one, The extrapolation tb zeTo is short and not very
eritical, In this way én ébsolute scale ié detefmihed empirically for the
average number of tfaversals of particles in the beam through various targets,
The uncertainty in‘this scale becaﬁse of'the extrapdlafion to'thiek targets

is of the order of 5.percent, The fingl data are pfesénted in Fig, 20 "

Some of the honitdrs were cut up ;n#p ﬁhin‘strips parallel to the edge
of the target énd these strips were céunted_sgparately iﬁ order.to defefmine.
the extent 6f radial'penetration of the beanm intofax*getsl° Histograms showing
‘ the;_spevcifi'c activity of the monitor versus the distar_xce from the gdge of thAe;
targét.are presented‘in Fig, 3, The tdtal area in :each histogram has been
made proﬁbftional to tﬁe average number of traversals of the beam particles
through the,targétu* The distributions are only valid ouf to 1,25 cm for the
target thiékness indiéateda Between l;25vand 2,5 em from the edgé of fhe
targét the beam passed through the target clamps (1/4 ineh of brésé) as well
as the taréet and monitors, .

IV Discussion,

A

Two caleulated curves can be éompared td the data, Theoretical calculations
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Fig, 2

Average number of traversagls of 340 Mev proton beam through targets as

a2 function of multiple scattering angle of target, Solid line is a smooth
curve drawn through the experimental points, Dotted line (A) is a theoreti-
cal curve based on removal ‘of particles:from beam by gas scattering, Dashed
line (B) is an approximate calculation for removal of partlcles from beam
after scattering in target,
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Fig, 3

" Distribution of activity in monitors attached to various targets as a

function of distance from edge of target, The distributions are only
valid up to 1,25 cm for the target thickness indicated (see text)., The
multiple scattering angle of each target to 340 Mev protons is indicated
near each histogram, The tdtal area of each histogram is proportional to
the average number of traversals of the beam through the corresponding
target, ' -
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have been made on the removal of.particles from the bevatron beam by gas
scattering,,4 " The type of function for gas scattering in the bevatﬁon which

is comparable to the present data is' 1 + k/92 where 0 is the multipie scatter<
ing angle of the particles by the gas in one traversal of the bevatron, 5 A

function of this type (Fig° 2, curve A) falls off more rapidly with inereasing

© than the experimentel ecurve, This is to be expected since the mean free path

of high energy particles in the bevatron is long with respect to the wave length
df vertical oscillations, In the cyclotron all the scattering in the target -
oecurs in such a shord distance‘that onlyAthe ?esultant mltiple scattering
distribution is importent in‘determining the numbef of‘partic}es lost from the
beam, Thus one Wocld expectvparticles to ce 1oet faster in the bevatron gas
scattering case than in the eyclotron ftarget scattering case,

An absolute multiple traversal curve based on certain simplif&ing

physical assumptions can be calculated° From the radial variation of the'mag—

petic field in the cyclotron the wave length of vertical cscillatiOns of parti-

cles in the beam and thus a relatienship betweeﬁ'the projected‘vertical scatter-

ing engle and the maximum amplitude ofcscillation"a;lcwed by the dee can be
obtained, Furthermore9 the number of particles acquiring vertical oscillations
greater tﬁan those allowed by the dee and thue removed‘frem_the beam after eech
traversal of theetarget can be calculated if the followiné\assﬁmpticns afe_mede°
First, the particlee ee they approach‘the target for the firet time have
epproxiﬁately.a Gaussian-distfibution of amplttudes of vertical oscillationt

with a haif width ef ebout half the maximum allowed by the dee; Second, the

-

% N, M, Blachman and E, D, Courant, Phys, Rev, 74, 140 (1948),
75, 515 (1949)

5, Garren, Private communication,
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particles on passing through the ta:get aéqpirevan additional Gaussian distri—
bution of amplitudes of vertical oseiliation because of multiple scattering

in the target., The width of the resultant distribution ma& be taken as the
square root of the sum of the équares_of the widths of the individuél distribu-
ti_ons° vThir&D energy ioss in»the»tgpget and scattéring in thé}horizogtal plane'\
do not remove particles from the beam, If the path of a particle with losses
of +the order of 100 Mev at 80?5 igch radius is plotted, it is seen that the
particle will describe aﬁ approximgte circlevof much smailer radiﬁé but With

its eentér displaced so that the pérticle'comes back to within a few tenths

of an inch of where it struck the target, This can be regarded as an enormous
radial oseillation of the particle_about é smaller equiliﬁrium orbit which is
centered in’the cyclotron,  The maximum of this oscillation will precesé until
the particle strikes the target ag_aino In most caseé the effect Qf~scattering
in the_horizqntal plane is émall compared to the éffect,of-energy loss iﬁ the

target on the resultant orbit of the particle, Fourth, the root mean square

amplitude of oscillation of the particles can never exceed a value obtained

bygcompounding the maximum amplitude passed by the dee aﬁdvthe'amplitude ac-
qﬁired in oné péssage through the farget, Uging these. assumptions and‘taking
into account absorption on thick targets Onercan'calculate the rate of removal

of partigles from the beam and_the average number df traversals expected through
a given targéta Fof thick targets in which the roof bean square scattering

angle in oné traversal of the target is comparable to.thé maximum allowébl
seattering gnglé, approximately a constant fraction of ﬁhe beam survives after .
each traversal éf the target, For thin targets the survival fracfion is not
constant but gradually decreases fo a constant value as fhé nuﬁber of traversals

inereases,
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The result of these calculations is shown in Fig, ?J curve B, The
calculated curve agrees with Ppe datgnfa;rly well for thin targets and for
thick targets but is high in the intermediate region by a factor of up to
1.7, The agreement for thin targets isrfortuitous since in this region thé
calculated curve is strongly dependept upon the first aséumptiono Howe#er,
the general shape of the curve and the approximate magnitudé_df the absolute
ralculated values is in agreemenp‘with the observed: values, Evidently parti-.
cles are lost from the beam slightly faster than can be acccounted for with the
above assuzh.ptiénso ~This type of caléulatkm:coﬁld be considered as giving a .
maximum value for multiple traversals,

In Fig, 3 the distribution of the monitpr activity as a function of the
distance from the edge of the target is shéwn fo; several targets; It can be
geen that the béam_penetrates mbre deepiy into thiﬁ targets than into thick

targets, For the'one inch copper target about 80 percent of the beam is con-

cenﬁrated in the first two millimeters from the edge of the target, For the

‘thinnest target;{0;0015 inch aluminum; about'ZO percent of the activity is in

the first 2 millimetefs,- It should be noted that even though only a few percent
of the total efféctive beanm is passing through the target clamps in the case of
the thin eluminum target; that this is almost equal to the total beam passing

through the one inch copper target, _%

v Conclusionso.

| These résuits have seferal obvious implications; First, if a large
éffective beam or high“séecific activity in the target‘is desired, é thin tar;
get should be used, 'However, if the lérgest-total production of paftiélés or
aetiyity'is desired” avthiqk.targeﬁ should'be usedo The decrease in yield as

a result of less target atoms in the patﬁ'of the beam is only partially
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compensated for bj the iﬁgrease cause@ by mulﬁipie‘tfaversalso Second, in
ealcﬁlating the energy distribution of particles which react irn the target
one mﬁst take into éccbunt that soméﬁof the pérticles have passed through
the target several times, Third, one must consider the possibility of én
appreciable fractién of the bean penetrating deeply into the targe?, _Tﬁié-
is partiecularl important‘when very thin targets are used and;part of the
beam penetrates tﬁe target holder which may beimuch thicker than the target,'
In this case a significant fraction of the interaction of the béam with the
farget may occur in the target holder,

It seems reasonable that these results should apply to other particles
which are used at about the same radius invthe 184-inch cycigtron if {he
proper multiple scattering angle is calculated, The calculation of the multi-
ple scattering angle takes into accounf the énergy, mass and-charge of the
partible, &t a different'radius‘or iﬂ another.qyclotron the shaﬁe cf the mag-
ﬁetic field and thusrthe dependence of numﬁeerf fréﬁeréa}s on maltiple scatter-
ing angle wouid be differento - In this case an épproxigate calculation.as. ‘

described above or another experimental determination must be made, The accuracy

of the calculation is indicated by a comparison of curve E with the experimental

curve in Fig, 2,
If these results are accepted as applying to deuterons, one can estimate
the additional averége energy loss of the deuterons in the target because of

multi@le traversals;i This results in a lowering of the peak of the predicted

-

energy distribution of the neutrons or protons from stripping, If this cor-

rection is madé, the predictions come into slightly better agreement with the

7 from

® W, W, Chupp, E. Gardner, and T, B, Taylor, Phys, Rev, 78, 742, (1948)

7 J, Hadley, E, Kelly, C, Leithﬂ E, Segré, C, Wiegand, and H, York, Phys,Rev, 75,
351, (L949). ' _ .
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stripping of 190 Mev deufe;ogsﬁ_ T@e low energy tail on the ﬁeutron distribution
also cen be explained in this mamieru ~The correction amounts fo a lowering of
the peak energy by 2,5 Mev in the proton experiments in which a 1/16 inch-eopper :
target was used, and by abeut 4 Mev,in the neutron experiments in which a 1/2
inch beryllium.target was used_ | |

An estimate o? the ectual energy distribgtion of the-partieies interacting
with the target can be,ma@en Using the ealculation described above'plue a
form factor which makes tﬁe calculated curve fit the experimental results the
fraction of the beam.whlch passes through the target n times ean be estlmafed
For thick fargets this amounts to about the same as taking the experlmental
value from Fig, 2 for the average number of traversals and using the terms of'a
geometric series which sums to this ﬁalue”to.represent the survival fraction
of the beam, The distributiondis shown for severai targets in Fig, 4a, This
-procedure assuhes a monechromaticrincident beaﬁ It ievknown that radial oscilla-
tions oceur in the cyclotron whlch must have scme effeet on the epnergy of partl—
cles which strlke the target l‘ Although there is llttle direct experlmental
evidence to fix the magnitude of this effect 1t is thought that the amplitude
of radial oscillations 1s of the order of 2 inches at a radlus of 80 or 81
inches in the 184=1nch cyclotron Slnce a partlcle shoula strlke the target
near the max1mum.of its 0301llat10n the effective radlus of curvature of the
partlﬂle when 1t strlkes the target is of the order of from O to 2 inches less
than the namiml radius of curvature, If the assumption is made that the radii
of curvature of uhe partlcles are unlformly distributed through thls range,
then therevie a width of about 15 Mev in the incident 340 Mev proton beam and
about 10 Mev in the 190 Mev deuteron beam, The effect ofbsuperimposing this
width on that of ionization energy loss incluaing mhltiple fraversels is shown

in Fig, 4b, The tails of the distributions in Fig, 4 for very large energy
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Spread in energy of proton beam from ionization energy loss and multiple

traversals, N(E) is proportional to the number of particles which have an

energy E as they pass through the target, (a)The incident beam is assumed

to be monochromatic at 345 Mev, (b)The incident beam is assumed to be

square in energy distribution with a maximum of 345 Mev and a width of 15

. Mev from radial oscillations, Curve A is for a 2 inch beryllium target, curve
B for a 0,4 in, beryllium target, curve C for a 0,040 in, wolfram target,
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degradation should not be taken too seriously, The ehanges in scattering,
rate of ionizatibn energy loss and attenuatioﬁ with energy have been neglected,
‘Combining the factors' of neutron yield per atom as a function of ZB9
barrier energy lossgﬁ ionization energy ldss_in‘target and multiple traversals,

one can make the following predictions about the neutron beam from the sﬁripping

A
.

of 190 Mev dsuterons, A thin target of low Z shouid.give the‘highestvpeak
energy butb low yield, A Ygfy'thin target of high Z should‘give the least spread :
in energy because of ionization loss in the target but very low yield, A thick
target of low Zishquld give the_highest yield but widelenergy distributién;
For optimum performance combining low barrier energy loss, narrow distribution
and high yield, a beryllium target about 1/4 or 1/2 inch thick should be used,
In this particular case one must consider that the stripping proéess itself
gives a broad neutron energy distribution so that little is gained by going'té
a thin target‘ofvhigh Z which gives the sharpest incidenf beam, Similar
consideratiéhs may be'app;iéd to the selection of tafgetslfor~otherﬂpurposes;
The author wishes to ekpress.appreciation.to Prdfessor E, Mq-McMillan
fof hiS'subpqrt and-encourégemeﬁt of ﬁhis=worko' Helpful suggestiQns and dis-~
cussions have been qontributed by K, Brueckner, A, Garren and H, Ybrk°  The
cooperation bf.the operatipg;staff of the 184-inch cyclotron is-gratefully
acknowledgéd; The work was carriéd-but undef fhévausbices,of the Atoﬁié Energy
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