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THE HIGH-ENERGY CHARGED PARTICLES FROM TARGETS
BOMBARDED BY 190 MEV DEUTERONS

)

- ‘ Larry Schecter

Radiation Laboratory, Department of Physics
University of California, Berkeley, California

October 28, 1952
I ABSTRACT

An investigation has been made of the angle and energy distri-
butions of the high energy charged particles which emerge from beryl- -
lium, carbon,.and uranium nuclei bombarded by 190 Mev deuterons. The
results indicate that the yields can be explained és primarily due to
two kinds of processes; nucleon-nucleon interactions, and stripping.
Under this assumption; the total stripping cross section has been
determined to be 0035=3o)03barns for the lighter elemépts and 2.6 =
O.4 barns for uranium. These wvalues suggest an A?/B dependence for

this cross section,
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THE HIGH-ENERGY CHARGED PARTICLES FROM TARGETS
BOMBARDED BY 190 MEV DEUTERONS

Larry Schecter

Radiation Laboratory, Department of Physics
University of California, Berkeley, California

October 28, 1952
II INTRODUCTION

The principal features of the inelastic processes which can
be expected to occur, when nuclei are bombarded by high energy deuterons,
have been described by the mechanisms of Bohr,l'Serber,2 Dancoff,3
Goldberger,h Chew and Goldberger,5 and Butler®, These features concern
the various secondary particles whﬁse angular and energy distributions
are characteristic of the process which produces them. For deuterons
whose incident energy is high, compared to the binding énergy, it is
convenient to consider a very 1oose1yabound neutronuprotoprsystemo The
effects to be described are then mérely the results of high energy col-
lisions of>nuc1eons with the nucleus, modified by the relationship of
the incident deuteron's_constituent_nuqleons tp_each other.,

~ When the incident nucleons have energy less than, roughly,
30 to 40 Mev; (éorresponding to an incident deuteron energy of less
than 70 to 80 Mev, since the total energy is shared equally, on the
average) the compound nucleus of Bohr describes one process, In this
model, the mean free path of either incident nucleon within the nucleus

is so short that its energy is quickly shared with other constituents
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of the nucleus, so that it is immediately captured. The resulting
excited nucleus decays slowly, either by quantum emission, or, when
sufficient energy becomes concentrated properly, by particle emission.
These secondary particles will carry off most of the excitation energy,
neutron emission being favored over charged particle emission because
of the Coulomb barrier of the nucleus. The energy distribution will
be, roughly, a decaying expopentialg with substantially no particles
.carrying more than about 10 Mev., The angular distribution of these
particles will be essentially isotropic.

| When the incident deuteron has energy'less than about 50 Mev,
a particular process which we shall call Butler stripping is important.
Since in the deuteron the nucleon separation is large and the binding
energy low,vjust one of the incident nucleons may interact with the
surface of the target nucleus. If its momentum is proper, it will be
bound into the nucleus to form one particular stéte of a new nuclide,
which may then decay to its ground state. The other nucleon, passing
by, must conserve energy, parity, and angular momentum., This means
that it may carry energy greater than its initial energy by the amount
of the binding energy of the captured nucleon. Further, this "secondary"
nuclgon, instead of carrying just the momentum it had ap the time of
?aptgréé will, in additidnp_possesé additional gngulaf ﬁomentﬁm so that
the conéervétion laws are satisfied. The fesulti@g»ghguiar distribution
is just a sum over those angular momentum states which are acceptable.
Only a few of these are important, since the magnitude of each comtri-

bution is roughly inversely prbportional to the angular momentum. The
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particles, then; are emitted in a pronounced forward direction; but the

‘ peak may be displaced from the axis of symmetryo

At higher deuteron energiés, the Butler stripping becomes; in
the limit, Serber stripping. In this mechanism the collision is "fasth
so that the "secondary® particle, the nucleon which pésées by, feels no
reaction. In terms ofvﬁhe’Butler theory, so many angular momenta are
accepted that interference between them washes out the effecto. The
secondary's final momentum is the result of the motion of the deutéroﬁ
center of'mass, and its motion with respect to the center of mass at
the moment the other nucleon is stripped off by the edge of thévnucleuso
The resulting angular disiribution is sharply forward, maximum in the
direction of the axis of symmetry, with a half-width of about 3 J€4/Tge
The distribution of enéfgies is centered around half the incident
deuteron energy, and has a halfawidth of about 2~f§£7fa where <§d is the
deuteron binding energy, and Tq is the incident deuteron kinetic energyo.
The cross section for this process is proportional to the target nuclear
radius. T

fAnothérreffeét whiéh“méy oceur is‘the nfield stripping® described
by Dancoff° It is the action of the Coulomb field of the target nucleus
upon the incident deuteron. When the energy is low, this amounts to an
orientation of the deuteron (because of Cbulomg repulsion on the proton),
which accounts in part for the high cross section for deuteron reactionso
Whenrthe;enefgy is sufficiently high, the transverse electric field seen

by the moving deuteron may cause it to split up. The angular distribution
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from this process is narrower than that of the Serber stripping, by a
factor of two, but the total effect is predicted to be as important
for heavy elements, since the cross section goes like the square of
the chérge on the target nucleus.

When the incident nucleon energy is as high-as 90 Mev, the
nucleus.beéomes somewhat transparent; because the nucleon-nucleon cross
section decreases with energy. This makes the mean free path for nucleons
in nuclear matter the order of the radius of the nucleus, so that if a
collision occurs, one or more fast secondary particles may be emitted.
The angular and energy distributions of the "knock-on" secondaries will
depend upon the model chosen for the nucleus, but at least partial cor-
relation is expected with the direction and energy of the incident nu-
cleons, so tha£ the secondaries will be gmitted mainly forward, with
energies equal to that of the incident nucleons, or less.

Chew and Goldberger have described a process by which deuterons,
tritons, etc. may be produced. The nucleons within the nucleus are in
motion; and when an incident nucleon penetrates, there is some probabil-
ity that a pair may result in such a momentum relationship that, say, a
deuteron is formed. If the total energy is high, so that the mean free
path is long, this "pick-up" deuteron may escape as a secondary. Three-
particle pick-up will result in a triton or‘HeB secondary. These "pick-
up“’par@;qles wi}i be emitted strongly forward, and they will be peaked
around some energy which gives the best compromise between the formation
probability, which involves the internal nucleon momentum distribution,

and the escape probability.
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High energy fission can also occur when heavy nuclei are
bombarded by nucleons., The secondary nucleons , mainly neutrons are
emitted isotropically and with energy less than 10 Mev,

The features described above are collected in the following

tableo
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The aim of the present work was an investigation of the high energy
charged secondary particles (proton energy > 26 Mev, deuteron energy
Y 35 Mev) frdm bombardment of beryllium, carbong and uranium nuclei
by 190 Mev deut.efons° The information to be gained includes (a) the
relative importance of the_deuteronvs binding energy in collisions
with nuclei, (b) a measurement of the cross section for stripping,

and (c) evidence for the existence of Dancoff field stripping.
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III EXPERIMENTAL METHOD

A. Some General Remarks on Differential Scattering Cross Sections
A differential scattering cross section is sometimes defined

by a certain equation, the equation usually being of the sort

= dg-
¢ =nNaSE (§) (1)
where C = number of counts observed in the detector
n = number of particles incident upon the target

Nt = number of target nuclei per cm? in the beam

¢ = angle between beam direction and the detector

£ = 501id angle subtended by the detector at the target.

A cross section of this kind is of a very special nature,
and it is of interest to investigate the problem more generally, to
determine the approximétions which are implicit'in the usual defini-
tions.

Consider an inelastic scattering process, defined to be one
in which the particles emitted at a given mean angle @0 include a
more or less broad spectrum of energies. In such a.case9 the connec~
ﬁion between the observation and the differential scattering cross

section is given by

C($gsTysT ') = jffJ(T«)Ndf;‘fr (2,T,T1)P(T, 0 )d.adTdT? (2)

C(§°,T°3To') = number of counts observed in the detector
when it is set to accept particles of mean
energy To at mean angle ¢,, when particles

of mean energy T,' are bombarding the target.
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J(T*) = number of incident particles whose energies
lie between T' and"T' + dT'. The integra~
tion is over all Tt, | J(T')dT" = I = total
numbér of particles incident upon the target.
The beam particles are assumed to be inde-
pendent of each other,

N = number of target nuclei per em? in the beam.

direction, and is assumed to be constant.

%%géT (é,T,T') = differential‘scattering cross section in the
laboratory system for producing particles of
energy T at angle diwhen the target nucleons
are bombarded With“particles_of energy Tt

P(T,0) = detector resolution probability function which
describes how efficiently a particle of energy

T emitted into a solid angle. (> will be de-

tected.

Thus the observation is an aggregate measure of events which
result from bombardment over a range of energieé T', on a target which
emits particles over a range of eﬁergies T, and angles ¢, and which the
detector system accepts 6ver some energy interval AT; about T,; within
a band of angles A¢ about $e Tos To' and ¢, are the nominal values
ascribed to thg syst emo

Let us now consider the use of such an equation in analyzing

an experiment, It is of course desirable to use a beam of monoenergetic
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particles on the target. By monoenergetic is meant a spread in energies
which is small compared to the nominal beam energy. Such a beam is
available, for example, from the linear accelerator, from the 345 Mev
proton beam, and from the 190 Mev deuteron beam. In such a case; it

is a good approximation to put

fa(Tr)am = I(T ')
so that

s TosT!) = W1OW [[ £ (81,75 )R(T,00a000  (3)

The assumption here is that the differential scattering cross section
is constant over the range of T' around T,' in the incident beam. When
the 90 Mev heutron beam is-used; with its 30 Mev width, the approxima-
tion becomes correspondingly worse, and the meaning of the "measured"
differential cross section is not so clear.

The next step in an experiment is to make the spread in
energies and angles accepted by the detector as small as is feasible.

Then, if the detector resolution is good, we can write

C(8osTosTo' ) = TTe N T (3, T0,To" ) [ B(T,00a0ar  (4)

which assumes that dzo/dxldT is only slowly varying over the small range
of n. and T which the counter accepts.
The integral

[[B(T,0)dadl = 8a,81(T,) » (5)

must now be evaluated from an analysis of the detector resolution. I&-
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should be emphasized that the AT of the integral is not, in general,
the range of eﬁergies accepted by the detéctor, which is what is
represented on a histogram, but is a quantity which must be deter-
mined by a careful consideration of the type of detector used.

When this is done; our equation becomes
C(B05Tg,To) = LTy )N L T T (805T5To' ) A0-GAT(T,) (6)

from which

Cc@osTosTo’)

dco__
dadt (BosTosTo') = T—(T.1 )N AT(T,) (D

An example of the use of such a cross section is the d-p reaction.

In the case of elastic processes, it has no meaning to write
the‘differential scattering cross section as above. Since the angle,
and energy are uniquely relatédg the dependeﬁce of the cross section
and of the resolution function includes only one of them, usually the

angle. ?hué we write

C(&,,T ov) - [/ s g% 4o (g, )P(F)aTr do (8)
and, again, under proper conditions,

080, ') = HTe N §= (Bo,T,') [ PE)an (9)

By an analysis of the detector resolution, we can evaluate

[P@)aa = 8a(F,)
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so that

C(8osTo) = T N §Z (85,7, )a(E,) (10)

Equations of type (10) were used in (n,p) and {p,p) scattering experiments.
It must be emphasized again that An(d,) in general is not the solid
angle subtended by the detector slit, although in particular detection
systems it may be. Equation (1) is an éxample of a special case of (10).

If an experiment is done on light elements, it is possible that
an inelastic scattering from one isolated level of known energy can be
examined., In such a case, the differential scattering cross section as
defined in (8) is valid, with the energy balance adjusted from the known
level height, | v

For the purposes of thé present experiment; which involves in-
elastic cross sections oniy, it was sufficient to detect charged par-

ticles, without trying to discriminate between them. It was already

known that the secondary particles would be mainly protons, with some

deuterons, and the numbers of other kinds of charged particles would be
negligibly small, due.to the small cross section for thelr production,

Equation (2), generalized, becomes, in such a case,

(3,73, 7)P(Td,0)dodrdam  (11)

C(BosTosTo') = F fffatrrom &

dodrd

243
d" o
where the sum is over the j different kinds of secondaries. do dTds

is the differential cross section for producing a type j secondary
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particle of energy Tj, at angle Q, when the incident energy is T',
Under suitable approximations, as expiained

C($0sTod,To!) = I(Tot )N z 3 °2Tj ($0,Tod, T '2[7?(Tlsn)dnde (12)

N

The relation between anglé and energy for the emitted particles is not
explicitly known in inelastic scattering, s6 the resolution function P
must be written in terms of both angle and energy. Let us assume that

it can be written

P(T,) = P(T)n{2) (13)

Let us further assume that if the particle is emitted into
_the solid angle An,, subtended by the slit, it will certainly be
counted, and if it is emitted outside this A0 , it will certainly not

be counted. Then
(o) =1 over all 4.0 (1)

and

Sn(fl)dfl= b , (15)

Equation(12) then becomes

05 Tod, Ty ) = I(T," oo z d%0) (§0$TOJ,T 'sz(Tj)de (16)

oYs'o
d£L

In order to evaluate the integral, an analysis of the detector energy

resolution must be made,



=18-

B. Detector Fnergy Resolution

In the present investigationé the emitted charged particles
were detected by a differential-range measuring device. These charged
secondaries, in order to be counted were required to traverse the first
three chambers of a proportional counter telescdpe, (in coincidence)
and stop in a thin range foil before reaching the fourth chamber (anti-
coincidence). (See Figure l.) The secondary particle energies are
measured by varying the thicknesses of aluminum absorbing foils placed
in front of the céunter telescope, and applying the range-energy re-
lationship,

Consider a specific proton which has been produced by a (d,p)
reaction exactly at the midpoint of the target. Suppose this proton,
moving at an angle §, (in the laboratory system) to the original beam

direction, has energy just sufficient to carry it through

(a) the remaining target thickness

(b) the air path between the target and the
counter telescope '

(¢) the aluminum absorber

(d) +the first three chambers of the telescope,
and

(e) exactly half the range-foil thickness.

Such a path defines a specific proton energy Tyo However,
both the converter and the range=foil have finite thicknesses; and

even monoenergetic particles straggle in range. This means that the
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detection‘system has a finite energy resolution; when it is set to
detect protons of energy T,s it accepts protons whose energies lie
within a band around T, In general; the détector will not accept
all protons within the band with equal efficiency. Rather, the
resolution §f the system is some function of those effects men-
tioned above, and will, in addition, depend strongly upon T . If
each of the individual effects can be represented analytically, the
resolution of the system will be defined by the "fold" of the ana-
lytical functions which describe these effects.

One example of such a fold function is

Fu)=fwﬁﬁdt=ﬁho (17)

@]

For this problem; we will assume that the final resolution of the
detector is given by

p(T) =[°°

pJT=mfm Pb(K)p, (E - K)dKIE (18)
©o - :
where pé(T)_= function which describes effect of finite
target thickness
pb(T) = function which describes effect of finite
range-=foil thickness
pc(T) = function which describes effect of range
straggling.
1. Target. Consider the effect of the finite target thick-

ness. We wish to determine the probability P(T)dT that a proton,
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produced at a point t in the target, at an angle @o exactly, and with
an energy just sufficient (with no straggling) to reach the midpoint
of the range-foil, has an energy between T and T + dT. Since the

energy and the range are uniquely related; we can write

p(t)dt = pa(T)dT

where p(t) is the probability that the proton was produced between t
and t + dt in the target. We will assume this to be a constant, since
the target is thin; and the incident beam sees all the target nucleons

along its path.
p(t) = constant = K;

also, since

R = ku T108

dt = dr = k,10-8

2
so that
p(T) = K1K2T0?8

or, lumping constants together,

pa(T) = kaTO°8 between Tyay and T . .

Since the particle from the target certainly has some energy,

Jrq)pa(T)dT =1

le o]

so that

1.8

a 1.8 1.8
Tmax = Tmin

k
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The limits of the energy width Tpip and Tp,, are determined by a con-
sideration of the total thickness, L, of the target.

A proton which is made at the midpoint of the target has
energy Too If it is made at the front, or beam side of the target,

it will have energy

& aT L
Thax = To * (TE;)TO *3

and if made at the back, or counter side of the target, it will have

energy
» dr L
Tnin = To = G?G;% X3

_ 0

2. HRange=Foil, Consider the effect of the range-foil upon
ihe energy resolution. If the particle has a range between R ; and
Bmaxs the limits of the range-foil; it will certainly be counted. 1In
fact, all particles with range between these limits will be counted
with unit probability. Since to every range there gorrequnds a unique
energy (neglecting straggling), the energy limits of the range-foil are
Tmin and Tpoy0

Hence

Pp = 1 hetween Tmin and Tmax

and

=]
J’ p(T)dT = AT,

(s o]



If the rangeéfoil is AR mg/cm2 thick,

5T . _.Sl;;T;) AR

Tmin = To dx/t, x5
aT AR

Tmax TO <+ "K)T X 2

and
AT(Ty) = Tmax = Tpin = (—%)To . AR
If the proton had stopped; not in the range-foil but in the front half
of the third chamber; and had given a sufficiently high pulse to be
counted, or in the front half of the fourth chamber, and had tiot given
a sufficiently high pulse fo be counted; there would be én uncertaiﬁty
of about 3 mg/cm2 of aluminum equivalent in determining where the
particle had actually stoépédo Since fhefrangeffoil is 760 mg/cm? of
aluminum équivalent,bthis uncertainty in rangevis—vooh percent,
3, Straggling, Considef the ;fféyt of range straggling of
the protons. We wish to determine»the probability pc(T)dT that a
"prdpon,'produced aﬁ‘the ﬁidpoint_6f,théftafgét,’at\anwangle $, exactly,
| énd‘theﬁ Stoppiﬁg_atthé hidboint of the fénge%foiI; haé an energy
betwéeh T and T + dT. Since evenyenergyjproduceslsome rangég we can
- write | / | |
p(R)dR = pe(T)dT
where p(R)dR is'the probability that a particle of energy To will have

a range between R and R + dR. From straggling theory, this is the
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Gaussian

R - Ry)?
- TA(mm)2

p(R) = Ae

and we approximate

(T = To)?

pc(T.) = ke - ?(AT)Z '

Since the particle certainly has some range,

J“” po(T)dT = 1

-0
1
AT V2n

so that Kc =

From straggling theory, we get

To 2OI 50 65 100

120

150

(AT)Mev 0.25 ; 0.5 | 0.65 | 1.05

1.25

1.5

Co  The Integral of the Resolution Function

Since we have assumed that the form of the fold of two

functions is given by

) = [ ¥ He(t - x)ax

(v
the area under the resulting fold is just

oo}

/mF(t)dt efm [mf(x)g(t - x)dxdt
_ —~® .

(17)-

(19)
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Reversing the order of integration

fcoF(t)dt = foi‘(x)dx fccé(z)dz. where Z =t = x (20)
=-Q0

“oo A
That is, the area under the resulting fold is equal to the product of
the areas of the functions which are being folded.

Now, as we have shown,

["f)a('r)d'r's 1
fmpb('r)d'r = (4T)g,

. |
f pe(T)dT =1
-QD ’

f “B(T)ar = f ODpa(r)drr f “py(T)T f Pe(T)aT = a2(T ) (21)

- Q0 w -00

Hence

where
AT(T,) = ( dx)'ro o AR

is the energy bite taken by the'rangemfoil when the mean proton energy
is Too

An example of the fold is shown in Figure 2 for a mean proton
energy To~ 155.7 Mev, 'The fold was dqne graphicallyo Whi1§ the
detector resolu@ion ig L Mev wide atﬂ?alfmpaximums the integral of the
resolution function is a bite in energy only about 1.5 Mev wide. The
fold also indicated that the best yesolution for a given counting
intensity was to be obtained by making the range-foil and target of

equal range.
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Equation (16) can now be written

2 . .
C(@OpToj,Tov) = I(To! )NAO ? g:fggj’(509T039To“)AT(TOJ) (22)

The analysis of the resolution and its integral for secondary deuterons
is similar to that for protons.

The value of the integral of the detector resolution function
is shown in Figure 3 for both protons and deuterons. If equation (22)
is correct, it should be possiblé ﬁo vary each of the parameters inde=

pendently, and test the linear dependence of the counting rate on each.

D, Observable Secondary Particles

The lower limit to the energies of the secondary particles
which can be detected is set by the minimum range which each particle
must have in order to just reach the ranée=foil in the detector. This
minimum energy is 26 Mev for protons, and 35 Mev for deuterons.

Regarding the ihcident deuteron as two essentially independent
nucleons, the processes which will be observed in this experiment are
the result of.the incident proton interactions with the nucleus to yield
(a) knock-on protons or (b) pick-up deuterons, and tﬁe incident neutron
interactions with the nucleus to yield {a) stripped protons, (b) knock-
on protons and (c) pick-up deuﬁeronso' While the incident neutron inter—
acts only with sub-nuclear protons to yield an observable particle_
(protons of energy > 26 Mev; deuterons of energy > 35 Mev), the inci-

dent proton can interact with either neutrons or protons. The counts
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observed when the detector is set at some mean angle Qb, and for par-=

ticles of mean energy Toj, will be
CTotal = C1(d;p) + Cz(nsp) + Cvg‘(psp) + Ch(Pyn) + C5(P9d) + Cg(nyd),

In terms of cross sections, equation (17) is just

C = INAQ.,{E AT+ Z0T d} (23)
where
s = u]-'- (A_Z) ﬁm + 7 .d._zgg.ga.g). + 7 dzd(nﬁl) + dzc'(dgp)
p A da.dT dodT dodT da.dT

2 2
. . do(p.d) d*o(n,d)
2=%{<A~==Z> dadl  *Z ‘“d}

d dndT

ATp = eriergy bite taken by range-foil for protons

AT 4 = energy bite taken by range-foil for deuterons.
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IV THE DIFFERENTIAL-RANGE COUNTER TELESCOPE CHARACTERISTICS

‘A convenient method of determining the energy of a charged
particle is to measure its range in matter. A simple scheme for range
determination is toISet up two counters, placing between them some
material in which the incident charged particle will lose energy by
the ionization of the atoms of the material. Then, the number of
particles which have stopped in the range=foil is the number which
have passed through the first counter, minus the number which have
passed through both counters in coincidence, In order to reduce the
number of accidental coincidences due to baékground from the cyclo-
tron, and to define more sharply the direction from which the par-
ticles come, a four-chamber proportional counter ﬁelescope was used
iﬁ this experimeﬁto The number of particles which have sfopped in
the range-foil is then the number which traverse the first three
chambers in coincidence, minus the number which traverse all four
chambers in coincidence.

This method of counting, hdwever; introduces spurious counts
which are the result of (a) imperfect counting of particles in the
fourth chamber, and (b) nuclear attenuation of particles in the range-
foil.

The nunber of triple coincidences which register in the first

three chambers of the telescope is

e[  MygyRa (21)



=28

where

Y1123 = combined total efficiency of the first three
chambers for eouﬁting charged particles

F(T) = energy spectrum of charged particles which
can enter the counter

Tmin = energy which a particle must have in ordér

| just to reach the front face of the range-
foil; that is, the back of the third cham-
' ber;

v consists of the two terms

’ Thnax ™
e [ g [T gm0
min Tmax .

where Tmax = energy which a particle must have in order just to reach
‘the back face of the range-foils that is, the front of the fourth
chamber. The first term‘of'(25) includes just the desired counts;
those particles which actually end their range in the range-foil.

The second term of (25) accounts for those particles which have energy
great enough to carry tﬁem into the foufth chamber or beyond., If the
counter is to acéept only the desired counts, the fourth_chamberimust
detect all of the contributions from the second term. Of the latter;

only

o0
= : 6
Q ];maxr\ 123yth(T)d'r (26)

will register as quadruple'coincidenceso nhis the efficiency of the
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fourth chamber, andris less than unit because

(a) particleé which have energy sufficient to enter
the fourtﬂ chamber may have been scattered enough
to be missed.

(b) The energy loss in the fourth chamber, being sta-
tistical; may fluctuate enough so that some par-
ticles are not counted.

(c) The pulse from the fourth chamber may be delayed
sufficiently (longer electron collection time in
the counter, or electronic circuit delays) for
some particles to be missed.

If UWA is indeed less than unity, then spurious counts will be-included
in the second term of the observed quantity
) | Tﬁax ©
Y-Q-= ﬁ ROLE f L AL L CD
min T 3

max

Ideally, the counter-telescope should be operated so that the
fir;t three chambers are sensitive only to charged particles which will
stop in ﬁhe range-f6il. Then there would be nd-quadruple coincidences
and no spurious contribution. In practice, such operation is impossible,
since range straggling, fluctuations in pulse heights, and jitter require
rather,high efficiencies on the first three chambers. From equatioh (27)

it can be seen that the spurious counts can be minimized by making Ylh
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as large as possible, and Y1123’as small as possible for particles of

energy > Tpaxe M L can be made large by

(a) makihg the fourth chamber large enough in extent
so that few particles are scattered enough to be
missed;
(b) making the fourth chamber deep, so that the effect
“of statistical fluctuwations are minimized. The
discriminator bias should be set low, and the ampli-
fier gain set high»on the fourth electronics channel
for the same reason. The fourth chamber might well
be a scintillator, viewed by one or more photomulti-
pliers. This type of counter can be very efficient
as the last chamber of a telescope since it can then
be made thick enough to stop all the particles.
(¢) gating the fourtﬁ channel Yon" sufficiently long so
that both counter and electronics jitter do not
cause counts to be missed.

can be made small for particles of energy greater than T

N123 max >V

raising the discriminator bias on the first three channels to a point
where most of the particles whose original energy was greater than

7

.max are not countedgnbut all the desired particles with energy

Tmin LT <Tp., are sti;l accepted. This is possible since these
latter particles are losing energy at a greater rate than the former,

so that their pulse heights in the first three chambers are greater.
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Still another compliéation arises from the fact that some of
those particles, which should register as quadruples, will be removed
by nuclear encounters in the range-foil. Of Q such particles incideht
on the range-foil, only Qe“ét.will be left to fire the fourth chamber
after traversing t nucleons per cm? of range-foil. The total nuclear
attenuation cross section;, &, can be approximated.by an average value
over the energies which the particles, whose initial energies lay be-
tween T, < T < ® actually have while traversing ihe range-foil,

The obsqrved counts thus consist of the two terms

T

max o ot
Sev-ae| R+ L Rias(d = e R (28)

min max
In general, t can be kept small compared to the total range, and o is

also small; so that we can expand the exponential, giving

§=6+[" | ®
= % +meax Y(123(1.= N, )F(T)dT +J£max yIIZB)IAGtF(T)dTY (29)

Tmax : .
to first order, where 8° =}£’ n123F(T)dT are the desired events.
' min
Actually, the efficiencies are functions of the particle
energies, since the ionization loss in each chamber is a function of
the energy. For simplicity, we can define an average efficiency for
the fourth chamber,
(o -
f  wWFEmar

"‘max

n, = . (30)
" b /‘oo F(T)dT
T

max
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}\h is no longer dependent on the energy, but is now, through Ty .., a

function of that portion of the spectrum being investigated. Dropping

the average Signsy (29) can now be written

@® (e )
=8 +(1-h,) f?max N 123f(DAT + ot [ paggf(Dar - (1)

Now the desired counts, given by &,, are proportional to the thickness

of the range-foil, in mg per em?

and the thickness t;, in nucleons per cm2, can be expressed in terms of

R in mg per cm2

Lo
t =7 R
where A = atomic weight
Lo, = Loschmidt’s number
so that
' L
. o
§ = (K + c-hLL T DR+ (1 - %)Y (32)
r= [ R | (33)
where =
Thax 123

From equation (32), it can be seen that the observed quantity, S, is
proportional to the thickness R of the range-foil. In order to reduce
the spurious counts, it is advantageous to use a material for the range-

foil which has the smallest attenuation cross section for the largest



~33-

stopping power. For a given R, the stopping power is approximately
proportional to Z/A, while o is approximately proportional to A2/3°

Thus, we wish to maximize

Material  7/A%/3

Z

dE
— - , Al 1okh
= S S Cu 1.8
< a-1/3 42/3 Ta 2,25
U 2,40

From the above table it is clear that a high A matérial should be used
for the range-foil.

While it is true that the scattering in a high Z material will
be increased; it is not considered in this problem, since it is presumed
that the fourth chamber will be made sufficiently lafge in lateral dimen-
sions to detect the scattered particles. This will be the case in the
present experiment, since;, when the detector is set to detect low energy
particles, many high energy particles will still traverse the telescope
with only small scattering. For other applications, it may be important
to minimize the scattering rather than the nuclear attenuation; in which

case a low Z material should be used,
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V APPLICATION OF EXPERIMENTAL METHOD

A, General Procedure

The experimental arrangement is shown in Figure 4. The col-
limated external deuteron beam of the 184-inch cyclotron was monitored
by an argon-filled ionization chamber whose collected charge was inte-
grated electronically. The targets were thin and larger in lateral
extent than the beam. They were placed in the beam and the emitted
charged secondary particles were detected by a proportional counter
telescope. This detector was shielded with lead from any particles
which might have scattered either from the mouth of the collimator or
fr&m the ionization chamber. The number of incident deuterons was
determined from the charge collected in the ionization chamber, and
the number of éecondaries produced at mean angle.ic,into the solid
angle defined by the slit was determined from the counts in the tele-
scope, The range of each particle measured its energyo The effects
of the air path of the incident beam and the general cyclotron back-
ground were removed by using no target on alternate runs. The target—
blank difference thus measured the intensity of secondary particles

which came from the target.

B. Beam and Alignment

The source of deuterons for the experiment was the full energy
circulating beam from the 184-inch synchrocyclotrono These deuterons
were mﬁltiply scattered! into the magnetic deflector chanhels and
steered into a shielded enclosure where the experiment was carried out
(Figure 5). The beam pulse obtained this way is of about 40 micro-

seconds duration, with a repetition rate of about 60 pulses per second.
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The deuteron energy is fixed by the path through the magnetic deflector
channel and the steering magnet. This energy was determined from the
curvature in the magnetic field, and from the range in aluminum, and

_ corresponds to approximately 190 Mev. The variation in energy is
thought to be less than £ 2 percent.

The beam was collimated by means of a four foot brass plug so
that it was about 1/2 inch in diameter when it emerged from the shield-
ing. The position and spread of this beam were measured by the black-
ening produced on x-ray films plaéed at several points along the beam
path. The surface of the table which supported the apparatus was then
oriented parallel to the plane containing the beam, target, and detec-
tor. The table was also adjusted so that fiducial marks inscribed for
the purpose fell along the beam path as defined by the films. The
alignment was checked frequently by means of films to insu}e that it
was correct at each angular setting of the detector. The alignment is
thought to be accurate to £ 1/2 degree.

In order to insure that the counts varied linearly with the
number of deuterons incident; as indicated by equation (16), the beam
intensity was adjusted so that the coincidence counting rate v - Q per
unit of collected charge wasvconstant as a function of beam intensity.
The beam intensity was always chosen so that the singles rate in any
one chamber was about one count per beam pulse, since at this counting
rate the number of accidental ¥ coincidences is negligiple9 as was

shown by the beam plateau.
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C. Beam Monitor

The .deuteron beam was monitored with an argon-filled ioniza-
tion chamber, whose multiplication factor for 190 Mev deuterons as
determined by comparison with a Faraday cup, was 1525 charges col-
lected per deuteron. The charge collected by the ionization chamber
was placed on a low-leakage condenser connected to the input grid of
an integrating electrometer (Figure 6). The electrometer was of the
100 perpent feedback type, and drove a continuous recorder which re-
cycled itself after reacﬁing a predetermined voltage. The recording
circuit automatically calibrated itself periodically against a standard
cell, |

The condenser used was calibrated by means of an impedance
bridge against a standard condenser whose capacitance is known to
about 0.l perceﬁta The monitor system is believed to be accurate to
fo percent,
D. Targets

?hglberylliup, carbon, and uranium foil targets used in the
experiment were all thin (~ 700 mg per cmz) and cut from stock materials.
These foils were mounted 6n a carriage which could be driven from a
remote position. This arrangement made it simple to change targets
ﬁi§h<a_minimum loss of running time, and a single no-target run suf-
ficéd to determine the background subtracted from all three targets
for any one angle and energy determination. The targets were about
2 inches square, larger in lateral dimensions than the beam. This

was checked photographically for the minimum and maximum angular
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positions of the target. The target carriage rotated upon a mount which
also contained the detector telescope, and the target surface was at all
times perpendicular to the line joining the target and the detector.

The target thicknesses were made as nearly equal as possible, so that a

change of target had a negligible effect upon the resolving power of the
apparatugo | |

E. Absorber Correction

At the deuteron energy used in this éxperiment, the absorbers
used to measure the emitted particle energies are so thick (up to several
gm/cmz)that some particles which would otherwise pass through are re-
moved by Rutherford scattering and nuclear absorption. The fraction of

particles lost in this way is proportional to

N[O'R(T) + o'A(T)]

where N is thé number of atoms per cm? in the absorber; 6y is the
Rutherford cross section of the absorber for scattering protons through
an angle so -great that they would not be cdunted; and Sy is the cross
section fo?mnuclgap absorption in aluminum. Rather than calculate
these effects for a variety of energies; an experiment was performed
to determine them, The.experiment consisted ip making an integral
range determination with protons. A Faraday cup was used to collect
protonsmwhich came from the cyclotron after they had passed through

an ionization chamber and an absorber of thickness t. The relative

yield was then plotted as a function of absorber thickness and this
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served as a cofrection factor, normalized to.unity at zero absorber
thieknesso The maximum correction factor used was of the order of
25 percent. The correction curve for protons is shown in Figure 7.
The‘attenuation cross section for deuterons in aluminum is approxi=
- mately twice that for‘protonsoaA'
F. Detector

The detector consisted pf a four-chamber proportional counter
telescope, in front of which was placed a lead slit. The slit, two
inches thick, had an opening one inch square which, at a distance of
30.inches from the target; defined the solid angle A/l . In order to
test that the counting rate varied linearly wiﬁh solid angle as pre-
dicted by equation (16), a determination of counting rate was made as
a function of the reciprocal of the square of the distance between the
target and the slit. The dependehce is shown in Figure 8 to be linear.

Each chamber of the telescope consisted of a multi-wire,
parallel-plate proportional counter, whose dimensions were 3 inches by
3 inches bj 1-1/2 inches. _The counter wires were made of 0.003 inch
- nickel; supporte& undér Spring tension by teflon bars between brass
frames. The spacing $étween wires was 3/L inch. The chamber volumes
were defined by 000005_inch aluminum foils which were fastened across
the brass frames. All the component? were cleaned with chemicals and
thén rinsed Qith Qatero A1l four chambers were then moﬁﬁted into a
gasstight box which was designed.ih such a way as to allow the range-

foil to be inserted between the third and fourth chambers from outside
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the box. A thin aluﬁinum window allowed the particles to enter the
telescope, and the electrical connections were brought out through
kovar seals in the roof of the box. After assembly, the box aﬁd its
components were outgassed, flushed, and then filled with a mixture
of 96 percent argon and ) percent COy to a pressure of one atmos-
phere.

The chambers were operated at about 2300 volts and the
linear amplifier gains were adjusted so that the largest pulses
were not quite overloading. Under these conditions, the typical
plateau obtained by plotting the y-Q coincidence rate against the
discriminator bias setting on the first three chambers was adequate
(Figure 9). |

To test whether the fourth chamber was large enough in
laterai dimensions to acéept most of the particles from the one inch
'811it, the v-Q coincidence rate was determined as a function of the
améunt of cagnter area open. This was done by putting a very thick
shield in front of the fourth chamber and withdrawing it vertically.
Figure 10 sﬁows that the main portion of the pgrtié}es accepted by
the slit lay well within the 3 inch by 3 inch face of the fourth
chamber, ‘

: T§ test whether the yield does indeed vary as predicted by
Eq, (32),.runs were made using protons varying only the rangecfoil
thickness R, and the material of the range-foil. The results are

shown in Figure 11. The variation of yield with the range-foil
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thickness R is linear; and the slépe of the curves does decrease as
A increases. Tantalum was chosen as the range-foil material to be
used in the experiment; since it was available in foil form in a
variety of thicknesses.

Equation (32) also suggests a method by which the magni-
tudes of the spurious terms can be determined. Since it was known
that the yield varies iinearly with R, two points on the curve were
determined, and the straight line between them was extrapolated back
to zero range-foil thickness. When R = O, the only contribution to
the yield is from the thifd term of (32), so the magnitude of this
termAcan be obtained in this way. '

‘This was done for several different settings of the discrim-
inator bias settings on the first three’chamberso' As this pias
increases, Y decreases, since Y1123 decreases. This should affect
both the slope of the line, and the size of the residual yield at
R = 0. The results are shown in Figure 12. As the bias was raised
f:bm 20 to 50, no change in slqpe‘occurredo A plot of Q over this
range shows that Y was indeed changing, so that the conclusion is
that the attenuation, represented by the’second term of equation
(32), was negligible compared to the first term. As the bias was
raised above 50, the slope decreases, showing that some of the
desired counts were being lost. Thus the investigation showed the
proper bias setting which minimized Y1123 without losing the gesired

counts.
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We can now write
8 = -
8°+Y(1 “h)

and since Y=y- B

8= 5+ (v-6)1-0) =v(1-M)*05n, (34
or, finally,

- SQYCL? nh) -
2 n,, - (35)

Thus, in any given run, © was observed for two values of/Rg and the
residual 6 =y (1 - Ylh)‘at R = O determined by extrapolation, Yll;
was readily obtainable, since ¥ was known, so that,the desired So
could be obtained from equation (35). |
Go Electronics

A glock diagram of the electronic¢ circuits associated with
the operation of the counter telescope is shown in Figure 13, Pulses
from the first three chambers generated 2 microsecond gates; and
pulses from the fourth chamber generated 3 microsecond gates which
overlapped the.others in time. The time delay in pulses from thé
fourth chamber relative to the pulses from the first three chambers
was measured by the Q coincidence rate, varying the delay on the

gate from the fourth chamber; Figure 14. It is seen that a small

but finite contribution was missed, which was a contributing factor



-42-

in making nh less than unity, This jitter is believed to be the
result not only of variation in ion collection time in the counter
chambers, but also theveffect of the responsé of the coincidence
mixer circuits. The spurious data which resulted was corrected by
equation (29).

Ho Sample Calculation

As an example, the data taken for @, = 15° and T, = 26 Mev

on the beryllium target gave

Target - . Be Blank Be Blank

Integrated beam (microcoulombs), g 0.4 0.2 Ooly 0.2

Range-foil (mils Ta) 21,5 21.5 3.5 3.5
Triple coincidences, ¥ 16256 599 16096 - 670

Quadruple coincidences, Q 13040 482 15152 592
The number of particles from the target which apparently stopped in

the 21,5 mil range-foil per microcoulomb of incident beam is then

(Y =Q Y = Qi
(8)21.5 = (g “\a
target in target out
= 8040 - 585 = 7455
and for the 3.5 mil range-foil,

(8)3.95 = 2360 - 390 = 1970

which gives an extrapolated value for the residual spurious background

due to the inefficiency of the fourth chamber of

SR = 960.



From equation (34),

“h:l‘ﬁi ,g
q)ta'x*get in (q)target out] 21,5

S
My = 1= 716256 _ 59gy - O-974>
0.k 0.2

Then, from equation (35) the true counts per microcoulomb are

oo (x X
( 8)21.""5 'L(q target in (q)target ouJ 21.5 1 - Y&l.,)
M4

So =

7&55 (ﬂ 222 (1- o 9%75)
0097a5

= 6667

Thus; even though the fourth chamber efficiency is ~97.5 percent; the
spurious component amounts to about 12 pércent, which indicates how

important it is to make this correction.
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VI RESULTS AND DISCUSSION

A, Presentation of Data

By the method indicated in the sample calculation, the number
of particles which stopped in the range-foil per microampere of inci-
dent deuteron beam has been determined as a function of energy at
laboratory angles of 7.5°, 10°, 159, 20° and 45°.

A set of composite curves, derived from both theory and ex-
periment, with which to compare these points has been obtaiﬁed by

means of equation (23). The values used for the nucleon-nucleon

2 2 2
: ; : d“o~(n,p) d%c (p,n) ,pg 5o (n.d
differential cross sections e s an adr

were taken from the experiments of Hadley and York,9 and Hofmann and

Strauch.1® For the uranium target, the results of Hofmann and Strauch

were extrapolated from lead. As a first approximation, the differen-
5 :

tial cross section for producing protons by protons, d g;ldT , has
2
been taken equal to that for producing protons by neutrons, Q—g&ig%Elp

which has been verified in the case of scattering from hydrogen. The

a0 (p.d

differential cross section for deuteron pick-up by protons, YT

2
has been assumed equal to that for neutrons, gﬂ%&éﬁ%gla Finally, the

. . )
shape of the stripping cross section, Q-gié%%gl, has been computed

from the theory of Serber, and normalized to fit the observed points.

This theory predicts the differential cross section to be

d?¢ (d,p) = _ olTo (36)
dodt E.S.l +T) + T, = 2yT T, cos @?
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where Ty is one-half the incident deuteron kinetic energy, Ej is the
deuteron binding energy, @Q is the angle between the beam direction
and. the emergent nucleon, and T, is the kinetic energy of the emer-
gent nucleon.

An example of the construction of a resultant composite yield
curve is shown in Figure 15. The variatioﬁ of the composite curves
with angle is shown in Figure 16 for the case of carbon..

Figures 17, 18, and 19 show the data, together with the ap-
propriate composite curves. In these figures, the composite curves
have been corrected for absorber attenuation. The data has been
normalized to counts per microcoulomb of incident deuterons, and haé
been corrected for cyclotron background and detector efficiency. The
ranges of aluminum used in the expefiment have been converted to
energies on the proton scale by means of the curves of Aron et alo,11
for both protons and deuterons which the counter telescope detected,
so that a single energy scale suffices for both kinds of particles.
The standard”deviations shéwn»ére‘due to ¢counting statistics only,
The enefgy'resolution'of the detector for each point was determined
by a graphical integration of equation (18), using the appropriate
- parameters at each energy.

B. Results

By fitting curves of the shape given by equation (36) to

the experimental points at each angle, centered around 90 Mev, values

of the proportionality constant ¢ were determined. This enabled the
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total cross section for stripping to be computed by integrating
equation (36). In view of the fact that stripping has a relatively
small dependence upon atomic weight, the beryllium and carbon targets
give the same cross sections, within the accuracy of the experiment.
For this-reaSOn, the cross sections determined from these two ele-
ments have been lumped together, and averaged, The results are

given in Table I. The weighted averages are

beryllium or -carbon 0.35 £ 0.8 x 1024 cm?

uranium 2.6 T 0.4 x 10724 cm?

The standard deviations were computed from external con-
sistency by assigning a standard deviation to the proportionality
constant which was consistent with those attributed to the experi-
mental points; it is felt that this>procedure is justified since
the constant cannot be varied over wider limits and stiil have the
compoéite éu:ve fit”the data so well.

| In addition to the data shown, the charged particle yield
was investigatéd és/a function of energy in'preliminary experiments
at laboratory angles of 90° and 135°, The yields were low, and
dropped off rapidly with increasing energy and angle.
C. Conclusions

From the comparison of the experimental points and the
composite curves, it caﬁ be said that the assumed interactions are
indeed the principal collision mechanisms, at least to a first

approximation., It is of course to be expécted that the deuteron
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can be considered as a system of two independent nucleons, since the
binding energy (~2.2 Mev) is small compared to the total kinetic
energy (~190 Mev).

Beryllium and carbon were chosen as target nuclel in the hope
that the loose neutron in beryllium might produce a large effect,
compared to a nucleus with a closed structure; like carbon. No such
effect was observed.

With respect to the magnitude of the stripping cross sectiong
the values 0.35 barns and 2.6 barns are much larger than the values
of 0,12 barn and 0.43 barn which are to be expected_from the Serber
stripping theory for beryllium and uranium, respectively. Further,
this theory predicts an Al/3 dependence for the total stripping cross
section. However, the values determined in this experiment indicate
an A2/3 dependence, shown in Figure 20. This discrepancy in magni-
tude and dependence is not wholly unexpected, in view of the fact
that the Serber the§ry does not include the large contribution to
stripping which must result from the transparency of nuclear mattero‘
For example, if the projected deﬁterohuseparation is such as to allow
both nucleons of the deuteron to fall within the area defined by the
nuclear diameter, it would be possible for one nucleon to be removed
by collision, while the other passed through the transparent nucleus.
For such collisions, the stripping cross section would more closely
épproximate the geometrical cross section, and a dependence faster

than A1/3 would result. Of course, the nucleus is not perfectly
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transparent, and thé diameters of the heavy nuclei are of the order
of severaliﬁean free paths for the nucleons with which we are con-
cerneds This means that the shape of the differential cross section
which was used to fit the data is certainly not correct. However,
the shape cannot differ too much from the form used, and still permit
a good fit to the data. The accuracy of the experiment does not
permit a more detailed description of this enlarged differential -
stripping cross section.

The large cross section for uranium can be used to explain

qualitatively the results of Helmholz et 31012

in observing the
angular distribution of neutrons from deuterons bombarding uranium
targets. Their angular distribution fitted the shape predicted by
the Serber theory alone. Now the Dancoff cross section for electric
field stripping was predicted to be about 0.1 barn in uransium,
compared to O.43 barn for the Serber process. Therefore; since the
angular distribution from electric stripping is much narréwer than
that from the Serber theory, a total angular distribution is to be
expected that is somewhat narrower than was observed; corresponding
to a superposition of these two effects. This was hard to understand,
as long as the Serber process was the only expected one. However,
comparing the 0.1 barn for electric stripping in uranium to the
enlarged stripping cross section of 2.6 barns, with its angular distri-

tion similar to that of Serber, the results of the neutron angular

distribution measurements are quite reasonable.
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"The high total yield of neutrons cobserved by Knox}3 can also
be qualitatively explained by the values of the enlarged stripping
cross sections without invoking contributions from the electric strip-
ping, which appears to be negligible in comparison.

D, Comparison with Theory

Although it wés expected that the nuclear transparency should
allow some contribution to stripping from the central portion of the
nucleus, that contribution cannot be calculated easily. However, a
few simple considerations can give some ideas concerning the quantities
méasured in this experiment.

Let og be the Serber stripping cross section; op be the
Dancoff electric stripping cross section, 775 be the transparency
factor for 90 Mev nucleons near the edge of the nucleus; T be the
transparency factor for 90 Mev nucleons which pass through the main
body of the nucleus; and R be the nuclear radius. The total strip-

ping cross section can then be roughly represented by
crogtog Tgr (1B -ag) T+ g ¢

Tt is, oL is the cross sectiaon for the protoh missing the nucleus,

S
while the neutron hits the edge; 5§'Is is the cross section for the
neutron missing the nucleus while the proton hits the edge, but

traverses with probability Tgs (nR? - 63) is the probability that

both the incident nucleons strike the nucleus, and, when multiplied

by T, gives the cross section for the proton emission.
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As a rough approximation, we can take‘zls equal to unity;
it is probably somewhat larger than T'. A value for T can be in-
ferred from the analysis of neutron scattering made by Fernbach,
Serber and Taylorolh They find that the absorption cross sections
for 90 Mev nucleons in beryllium and uranium are 0.55 and 0.88 of
v the geometric cross sections; respectively. This means that the
respective transparency factors in these nuclei are 0.45 and 0.12
which lead to totalvstribping cross section values of approximately
0.33 barns.for beryllium, and approximately 1.3 barns for uranium.
Comparing these with the measured values; it would seem that while
the agreement in the case of beryllium is excellent, this simple
mechanism does not accoun£ for the high uranium value. If, on the
other hand, the theory is roughly correct, the measurement implies
a nuclear transparency of about 0.6 for uranium, which is clearly
in disagreement with absorption cross section measurements. Thus,
under either interpretation, a fundamental discrepancy exists which
cannot be resolved with the present information concerning those pro-
cesses which appear to be important in producing high energy charged

secondaries by deuteron bombardment.
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Schematic diagram of the four chamber proportional counter telescope.
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The energy resolution of the detector, as the fold of the several
detector functions. The fold was integrated graphically.



~55-

DEUTERONS

o I | L1 1 1 1 l | L I
20 30 40 50 60 70 80 90 100 1o 120 130

The integral of the detector encrgy resolution as a function of energy.



DETE‘?R TELESCOPE

2

LEAD SHIELD
48" COLLIMATOR

Vi,

1, ﬂ & = » BEAM

AN
TARGET

ARGON-~FILLED
[ONIZATION CHAMBER

MU-4326

Figure A

Schematic diagram of the experimental arrang:ment.
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Schematic diagram of cyclotron and shielded enclosure.
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Simplified schematic diagram of the integrating electrometer circuit.
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Proton attenuation correction as a function of proton energyes
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The relative detector counting rate as a function of the
discriminator bias setting on the first three chambers.
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The relative detector counting rate as a function of the
height of the shield between the third and fourth chambers.
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The relative detector counting rate as a function of range-foil
thickness for aluminum, copper, and tantalum range-folls.
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The relative detector counting rate for two different values of
range-foil thickness as a function of the discriminator bias
setting on the first three chambers.



CYCLOTR%N ARC PULSE

/ ' I
H . HIGH HIGH
4 z 3 HIGH ~HIG K GATE
Y] VOLTAGE |. | voLtace VOLTAGE VOLTAGE ]
PRE LINEAR SCALER
— GATE : —]
AMPLIFIER| |AMPLIFIER #y
PRE LINEAR > SCALER
- GATE [ -
AMPLIFIER| |AMPLIFIER #2
. W ¥
PRE LINEAR GATE P SCALER
AMPLIFIER| |AMPLIFIER [ | #*3
PRE LINEAR >— A
LINE | | care ——> SCALER
AMPLIFIER| |AMPLIFIER _l #4
TRIPLE
L JCOINCIDENC
COINCIDENCE SCALER
MIXER
QUADRUPL
0INCIDEN
SCALER |
MU-4328

Block diagram of the elsctronics
associated with the detector.



£

~66~

Lo T T | T | T T
- -
o~
\\
- \\ —
.8 s
\
1
1
- \ -
o
|
[}
1
6= '| pu
i
]
i
!
.5 - ‘ —
ol E
!
al- l -
]
§
1
i
3= || pu—
1
|
1
|
2k i —
i
]
1
|
1
- 1 -
Q\
~—ou
I | eOepeoo. | |
o 2 4 6 8 10 12 14 T
DELAY (MICROSECONDS)
) MU-432]

Figure 14
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Example of the construction of a composite yield curve from its
components. The case shown is for the carbon target at & = 10°.
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A ccmplete set of composite curves for the angles investigated
experimentally. The case shown is for the carbon target,
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Figure 17

The energy distributions of secondary charged particles from a thin
beryllium target at laboratory angles of 7.5°, 10°, 159, 20°, and 45°. -
The abcissae are in Mev on the proton energy scale. The ordinates are
in number of counts detected per microcoulomb of incident deuterons.
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Figure 18

The energy distributions of sccondary charged particles frem a thir.
carbon target at laboratory angles of 7.5°, 100, 150, 209, and 452«

The abcissae are in Mev on the proton ensrgy scale. The ordinates

are in number of counts detected per microcoulomb of incident deuterons.



-T1-

RaY
wol- F

Uraniun
g08”

Figure 19

The energy distributions of secondary charged particles from a thin
uranium target at laboratory angles of 7.50, 10°, 159, 200, and A45°.

The abcissae are in Mev on the proton energy scale.

The ordinates are

in number of counts detected per microcoulomb of incident deuteronse.
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The enlarged stripping cross section as a function of atomic weight.
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