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PROTON-PROTONSCATTERINGEXPERIMENTS AT170 AND 260MEV
John D. Garrison

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

R July 269 1954

ABSTRACT

The differential proton-proton scattering cross section has been
measured at 170 and 260 Mev for laboratory angles of 4. 4° to 30°.
The proton beam was obtained by reducing the energy of the 345-Mev
beam of the Berkeley cyclotron. A liquid-hydrogen target was used.

. Counting was done using a telescope of two liquid scintillation counters.

A Faraday cup served as a standard for beam calibration.

The results indicate a cross section, in the center-of-mass sys-
tem, independent of energy, and rather independent of angle, outside
of the Coulomb ljegion; The level of the differential cross section is

close to 3. 6 millibarns per steradian.
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PROTON-PROTON SCATTERING EXPERIMENTS AT 170 AND 260 MEV
~ John D. Garrison

Radiation L.aboratory, Department of Physics,
University of California, Berkeley, California

. July 26, 1954
I. INTRODUCTION
‘Baékground

One of the approacheé for investigating the nature of nuclear for-
ces is through the use of nucleon-nucleon scattering expériments. At
least one can say that thé nucleon-nucleon scattering represents a di-
rect manifestation of the nuclear forces, and as such représents a
body of data which any adequate theory of nuclear forces must encom-
pass. At pres'ent neither theo;‘y nor experiment appears . to be in very
satisfactory form. ‘ | »

It is expected that in the future the theory of nuclear forces will
be based on the theory of meson fields é.n_d perhaps other fields. Un-
fortunately such a basis ié inadequate at the pres.ent time, and it seems
worth while to try to attain a lesser goal, nam_bely to determine possi-
ble forms of potential interaction that could explain the nucleon-nucleon
scattering results. ' )

It has been shown by' Wigner1 that, if the potential interaction is
assumed to be invariant to displacement, rotatipn, and inversion of
the observer's coordinate system, and .independent of the particle ve-

locities, the most general potential interaction is of the form

vV R)+ VZ(R)q_le_+ Vi(R)S,, - (1)
where Op 0, are the nucleon spin operators, and =
—i E—— T N 2 ) .
S,, = 3(0,- R)(0,-R) /R" - 0,-0,

is the tensor force operator. R is the separation of the two nucleons.
The potentials V(R) may depend on the angular momentum of the sys-
tem as well as on the charge of the two particles. This potential in-

cludes the various possible combinations of spin- and space-exchange



-5-

forces as well as the ordinary forces. 2 In é.ddition to the general
class of potentials given by Wigner there is the possibility of velocity-
dependent forces, one f)os.sibility being the introduction of a spin-arbit
coupling tebrm of the type g- & . This has been studied by Case and
Pais. 3 In the energy regions above 100 Mev, relativistic effects should v
be noticeable, but there is no théory to tre’at them. Even neglecting
relativity and velocity-dependent forces, the variety of possible inter-
actions to try in fitting the experimental data is suffié'iently general to
make the problem exceedingly difficult,

 Experiments concerning p-p and n-p s_catteririg have been per-
formed at éﬁergies ranging from very low energies up to 430 Mev. To-
tal p=p cross sections have been measured at higher energies at the
Brookhaven:_,C.osm'o'_crc'n° 4~ Experiments on n-n scattering are restric-
ted by the fact that the target neutrons must be neutrons bound in nuclei.

" The data up to about 10 Mev seem quite complete and subject to \
- unambiguous analysis, as summarized by Jackson and Blatt. > *
Above 10 to 20 Mev the analysis becomes much more difficult,
owing principally to the importance of the higher-angular-momentum
states, such as p, d, and { states, If the view is taken that the experi-
mental work is incomplete until the phase shifts involved are deter-
mined, then it is fair to say that a great deal more work remains to be
done. In fact, scattering experiments alone (of the type here described,
in which both fargét and beam are unpolarized) will be insufficient to
determine 'él‘l the I;hase shifts, since there are many cbmbin_ations of
the phase shifts that yie}:d agreement with the observed scattering.
Before a complete determination of the phase shifts is possible experi-

ments using polarized beams, -and perhaps eventually polarized targets,

will be necessary. Some results of p-p scattering experiments using

a pola.rizéd'i)roton beam have recently been reported by several 6’ 7’.?. _

gi‘bhﬁs,_ v | .

| In spite of the incomplete nature of the results to date, certain

conclusions seem indicated: : : i
(1) The nuclear force is a short-range force, as indicated both

by nuclear structure and by scattering experiments.

(2) The interaction involves tensor forces. This is indicated by
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the quadrupole moment of the deuteron and by its magnetic moment.
Some further suggestion of the importance of tensor forces at high en-
ergies comes from p-p and n-p scattering, in that the best fits to the
experimental scattering results seem to be obtained with potentials in
which the tensor force figures more or less prominently, Experiments
on elastic d-p scattering seem also to require tensor forces for their
explanation.

{3) The n-p force is spin dependent, as shown by scattering ex-
periments with thermal neutrons.

(4) An exchange force seems indicated by the results of high en-
ergy n-p scattering, although the extent of the exchange force seems
insufficient in itself to account for the saturation of nuclear forces in
complex nuclei.

(5) Any potential interaction with which the nucleon-nucleon for-
ces are to be described must be a very singular potential, if it is to
fit the polarization experiments as they are curréntly reported.

(6) The approximate conservation of isotopic spin, which seems
implied in meson-nucleon scattering experiments and in studies of
light nuclei, is expected to hold also for nucleon-nucleon scattering,
This implies that the same potential is to be used in describing n-p and

p-p scattering.

Approach to the Experiment

- Chamberlain, Segreé, and Wiegand have condubted a series of
p-p scattering experiments with proton energies of 120 to 345 Mev at
this laboratory. ? With reduced proton energies, other than 345 Mev,
they were unable to complete the differential cross-section measure-
ments at angles close to the cyclotron beam because of the large coun-
ter background attendant on the beam réduction. This paper extends
these reduced-energy scattering results to the smaller angles, Meas-~
urements have been made at laboratory angles of 4. 4% t0 30°. Itis in
this angular region that various potential models have been at greatest
variance with the measured p-p cross section é,t high energies,

In order to obtain data in the small-angle region, a number of

changes were found necessary. A liquid-hydrogen target replaced the
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- CHZ-- C difference method used at wider angles. The 345—,Mev proton
" beam from the cyclotron was reduced to the desired energy by passage
through a beryllium absorber similar in function to the iithium absorb- -
er used:by Chamberlain, ,Segré, and W,iegand., The beam was subse-
quently collimated and analyzed in a mégnetic field to regain a beam W
reasonably homogeneous in energy and devoid of neutrons. The 90o
coincidence counting method could not be used because of the. low ener-
gy of one of the partner protons, and was replaced by a coincidence
telescope, which viewed a single proton at the desired angle. It was
thought desirable to measure the cross sections at just two energies
because of the limited time available on the cyclotron; The energies
used were 170 and 260 Mev. |

The major problems in the performance of the experiment in- .
volved reduction of the counting background, sgbtracﬁon of v?hi'ch was

necessary to ob"caint_he proton counts from hydrogen alone; and solu-

*-

. tion-of the problem of gaining a suitably homogeneous, reduced-energy
proton beam. These problems were closely associated. Obtaining a
good beam involves reducing the background in the counter. . With re-
duction of background, anrerror in background subtraction is of less
~‘consequence, _ '

The results given here were obtained during two three-day cyclo-
tron runs designated as Run No. 1 and Run No. 2. It seemed desirable
to repeat the measurements of Run No. 1, vasv was-_' done in improved
form for Run No. 2, to check consistency of the method used. The
data from Run No. 2 should be given slightly greater weight because of
certain improvements in technique, and also, because familiarity with
" the procedure made it possible to obtain more information. Certain

- minor equipment changes occurred between the two runs. -

Cross-Section Equations

: : v
The number of hydrogen-scattered protons is connected with the
differential scattering cross section in the laboratory éystem by J
A "H = aNa(d) e, . - | (2)
where o(Q) is the laboratory differential cross section at an angle of .

i @ to the beam; 1is the solid angle subtended by the defining counter,
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as seen from the point of the scattering; H is the number of protons per -
unit beam scattered by hydrogen into the solid angle € n is the number
of beam protons per unit beam; and-N-is-the number of target protons
per square centimeter traversed by the beam.

'~ The number of beam protons n has been measured using a paral-
lel plate ionization chamber with an argon atmosphere. Each beam
proton passing through the ionization chamber produces many ion pairs
in the argon gas, so that the current in the ionization chamber is great-
er than the beam current. The ratio of ionization current to beam cur-
rent is denoted by M and is called the ionization-chamber multiplica--
tion. Current from the ionization chamber is used to charge a capaci =
tance C. The potential difference across this capacitance is measured
by an electrometer and recorder circuit.  When the condensér C has
been charged to a standard voltage V, unit beam is said to have passed
through the ionization chamber. The number of protons pe'r unit beam
is thus n = CV/eM, in which e is the electronic charge.

In practice, an absorber las been inserted in the counter tele-

scope in many of the measurements, for reasons to be described below.

- This absorber and also the counters and hydrogen-target containers

have inevitably involved some loss of scattered particles--mainly those
that collide with nuclei in the absorber. To correct for this loss an ex'-
perimentally determined factor is required. This factor was combined
with the multiplication factor in the present calculations to yield M¥*,
the effective multiplication. M#* thus depends on angle of scattering
and on absorber thickness, as well as on beam energy.

The number of target hydrogen atoms per square centimeter, N,
is given simply in terms of the target length L traversed by the beam,
the density p of liquid hydrogen, and the mass m of one hydrogen atom.
The expression is N = pL/m. |

The solid angle Q subtended by the counter at the target center is
given in terms of the counter area A and the countér%tOQtarget distance
r, as Q= A/rz, _

- Equation {2) f_or the differential scattering cross section in the

laboratory coordinate system may be rewritten in the form
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g (D) = KM*H" , f : ~(3a)
'in which K erzm,/CVApL. : (3b)

For conversion to the center<of4nass system; one has

i

o) = [1 + (E/‘chz) sin’ @]Zo(@)/ [1+.:E/ch2:l4,cos o, (4) ¥

' 2 : : o
tan (6/2)= l:l + E/chzjll/ tan ® , -~ (5)

where 0(0) is the center-of-mass differential scattering cross section
at center-of-mass angle 6 to the beam direction, E is the kinetic en-
ergy of the incident béam provtons in the laboratory system, mcz is the
proton rest energy.. Equations (4) and (5) are derived in A?pendix A,
The remainder of the paper discusses the measurement of the quanti-

ties in equations (3a, b) and (4).

&~

=

¢
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II EXPERIMENTAL APPARATUS
The Cyclotron

Two varieties of external proton beam are obtainable from the 184-
inch Berkeley cyclotron. One is referred to as the electrostatically de-
flected beam, and the other as the scattered beam. The electrostatically
deflected beam is not used in the présént work because the duty cycle of
that beam is unduly short; that ibs,, the beam occurs in such short bursts
that toincidence counting methods are 's:'ubjec;c to an unnecessarily large
propértion_ of accidental coincidences. The scattered beam has a longer
duty cycle, and is the more useful in the present .experimeﬁts, —

The mechanism by which the scatte'red beam is obtained is uncertain.
It is believed that the protons, on reaching a radius of approximately 81
inches, may strike the edge of the magnetic shielding tube, where they
suffer sufficient mulfiple- Coulomb Scattering to allow some of them to en-
ter the aperture of the magr“llé.tic;_ shielding tube on subsequent revolutions
in the magnetic field. After the\beam passes through the magnetic shield-
ing tube it is collimated, deflected by the magnetic field of a focusing mag-
net, and then brought out through the main concrete shielding of the cyclo-
tron into the cave area (Fig. 1). In traversing the concrete shielding, the
beam is collimated by a cylindrical brass collimator 46 inches in length
and one-half inch in diam‘etevrsﬁwhich, however, widens to three-quarters
of an inch in diameter for the last 15 inches of its length. Following this
collimator the beam goes through a 10-mil aluminum window in passing
from the vacuum into the air. -

Beam pulses occur at the rate of 60 per second. Each beam pulse
lasts over a period of 20 to 30 microseconds, but is modulated into
short bursts at the radiofrequency of the cyclotron, 16 mc/sec. The
mean energy of this beam as it enters the cave is within a few Mev of -
345 Mev. o

Energy-Reduction System

In the cave, following the 46-inch collimator, was the beam en-
ergy reduction system (Fig. 2). The collimator slit sizes are listed in

Table I. The beam energy was reduced in beryllium absorbers one inch
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Fig. 1. The general arrangement
of the experiment.
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Fig. 2. The beam ene'rgy;feductiér.l sYstem.
Roman numerals indicate the collimator slit:
numbers corresponding to Table I.
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by one and one-eighth inches by a length suitable for the desired energy
reduction. - This length was slightly less than 12 inches for the 170-Mev
beam.. Considerable brass and lead shielding surrounded the system of .

absorbers,

Table 1

Collimator Slit Dimensions
(inches)

' Collimator Width Height Length

I /2 3/4 2-3/4

1I 1/2 3/4  2-3/4

g 1/4 3/4 4

v 3/8 3/4 2-3/4 ' ¥
v. . 1/2 1 2-3/4

VI 1-1/2  1-1/2 2-3/4 ‘

A great} deal of effort was spent in determining a best collimating
and analyzing. system. The approach is limited by desire not to sac-
rifice beam intensity. Emphasis was placed on obtaining a beam as
homogeneous in energy as possible and as free as possible from pro-
tons scattered by the collimator materials, which constitute a counter
background at small angles. The following features were found helpful:

{1) The reduced-energy beam was magnetically analyzed. The
magnetic analysis was adopted as soon as it was determined that it

would not involve prohibitive loss of beam intensity. It serves to elimi-

nate low-energy protons originating in the beryllium absorber. The -4
latter make a major contribution because of the very considerable mul-
tiple scattering in the beryllium. Magnetic analysis also reduces any f

neutron background.
The effect of magnetic analysis has been estimated by the meas-

urement of Bragg curves in several cases. For this measurement the
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arrangement of apparatus consists of two argon-filled ionization cham-
bers placed in the beam with variable copper absorber placed between
them. The ratios of currents in the two ionization chambers is meas-
ured as a function of the copper absorber thickness. The resulting
curves can be interpreted to give approximate energy distributions of
the beams, since the Bragg curve for a single particle is known. The
interpretation constitutes an unfolding process. The approximate beam-
energy distributions and the Bragg curves from which the first two dis-
tributions were obtained are shown in Figs. 3 and 4, The third energy
distribution was obtained in a manner to be described later. The three
distributions represented are: (I} the unanalyzed beam as used by
Chamberlain, Segré and Wiegand, (II) the first trial analyzed beam,
(II1) the final analyzed beam as used in the experiment. Because of,
the effect of nuclear collisions in the absorber, the first two curves
suggest some contamination with low-energy protons that is not actual-
ly present. A nuclear loss correction has been applied to the third
distribution. However, there is no question that the analyzed beam is
superior to the unanalyzed beam, even neglecting the nAuclear loss
correction for the third case, as may be seen by comparing parts (III)
and (I) of Fig. 3. Neglecting the nuclear loss correction for the third
case gives a tail to the distribution that is somnewhat smaller than for
the other two curves..

(2) A series of slit collimators was used instead of a continuous
collimator tube, to reduce the number of particles that continue in the
beam after scattering from the collimator.

{3) The ﬁnai series of slits was made with successively larger
aperatures so that the final slits would act only to eliminate particles
scattered from the walls of pfevious slits. This feature was found in-
dispensable for a reason that may be outlined as follo§vs. Some parti-
cles may reach the counter telescope without scattering in hydrogen if
they are scattered by material of one of the last slits in the collimator
system. These protons will have lost some energy in the slit material,
and in fact some of them will be of very low energy (and of correspond-

ingly short residual range). They constitute: a treacherous background
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Fig. 3. Beam-energy distribution, showing
successive improvements of the beam:

1. The unanalyzed beam used for the
-preliminary work.
' II. The first analyzed beam used for the
preliminary work.

III. The beam used in Run No. 2, 174
Mev. '
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Fig. 4. The Bragg curves corresponding to
the beams given in Fig. 3. :
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that is very sensitive to the amount of absorber in their path. Even

when a difference is taken between counting rates with hydrogen target

full and empty, this background will still not be fully corrected, since o
the background will have been altered by the stopping power of the

liquid hydrogen. ' .

(4) The most effective single factor in reducing the counting back-
ground arising in the collimating system was an antiscattering block
placed on the counter-telescope side of the beam and preceding the hy-
drdgen target, -so that the telescope, at the smallest ang.le counted,
could not see the next to last collimator slit. It was impossible to cover
the far side of the last collimator without placing the block in the beam.
Photographs taken of the beam during lineup show that the main part
of the beam always missed this block by at least 1/16 inch. Few pro-
tons scattered off the block would be expected to reach the counter be-
cause of the long path through the block necessary to reach the counters.

The collimating sy.stem was made of brass. The reduced beams

-at each energy traversed the same collimating system, while beingbent
through an angle of approximately 28° by the analyzing magnet. The
magnetic field was about 14_; 000 gauss for the 260-Mev beam, and some-
what over 11, 000 gaﬁss for the 170-Mev beam. The energy resolution
of the beam reduction system was 10%, as determined by the current-
carrying-wire method of simulating the beam trajectory. No difference
in the shapes of the trajectories at the two energies could B’_e’ detected
by the current-carrying-wire method or by checking the beam position
with an x-ray film. ' v )

The collimating system and multiplre scattering in the hydrogev}i
and containers allow for é. horizontal root-mean-square beam divers«
gence of approximately O, 3d at 260 Mev and 0. 4° at 170 Mev at the
center of the target. The central core of the beam was rather homo-
geneous in energy (Fig. 5). Its dimensions at the térget were 5/8 by N
1-1/4 inches, as shown by x-ray film placed in the beam. Away from
the central core of the beam, there was probably an increased propor- v

tion @f low-energy protons.
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II. Run No. 1, 259 Mev.
III. Run No. 2, 260 Mev.
(See also Fig: 3, III.)
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The Liquid=Hydrogen Tai’get

The target protons in this experiment were in the form of liquid
hydrogen. The liquid-hydrogen container is a modification of the tar-
get developed by Cook, 10 Details of the operation of the target are
found in his article. A plan view of its general features is shown in '
Fig; 6. The hydrogen container at beam level is a cylindrical can, with
the axis vertical, made of 4-mil stainless steel -Walls 8 inches in height
and 5.6 inchejé; in diameter, with a vertical soft-solder lap joint, and
soft-soldered to 1/8 -inch stainless steel at the top and bottom. The
beam center paéses through the hydrogen 4 inches above the container
bottom. The upper portion of the hydrogen container is the same as
that of Cook's, . Surrounding the lower porﬁbn of the hydrogen container
and attached to it above beam level is a 5-mil cylindrical aluminumheat
shield. Two additional concentric 5-mil aluminum heat shields are at-
tached to the bottom of the 1iquid=n'1trogén jacket that surrounds the up-
per portions of the hydrogen container. . Holes were cut in the heat
shields for traversal of the beam, except for a 1/4-mi1 ‘aluminum foil
wrapped on the outside heat shield. The lower portion of the outside
vacuum jacket is a 9-inch-diameter cylinder of 1/8-inch dural, approxi-
mately 30 inches in length, replacing Cook's ''flanged rectangular box''.
Two 3-inch-diameter holes, over which preformed, cupped, 5-mil dural
windows have been attached with Araldite cement, permitted passage of
the beam through the target approximately half-way down the 9-inch-
diameter vacuum jacket.

. A vacuum of 2 x 10u5mm of mercury, or better, is maintained
between the outside container and the liquid-hydrogen container for
thermal insulation. In the design of this target, trial calculations were
made for the heat shiélds, to insure that bubbling of the hydrogen from
radiation would not affect the hydrogen density in the region of the pro-
ton -beam. In the operation of the target, it was found that the five to-
six liters of hydgrogen in the target lasted for varying times, from
soméwhat over 24 hours up to 60 hours. This variation is presumably
from variations in the target vacuum for different runs and also in the

frequency of replenishing the liquid nitrogen.
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hydrogen target. ‘
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A loss of six liters of liquid hydrogen in 24 hours coxrresponds to
-less than 0.02 cm3/sec bubbles generated so as to pass through the:
beam. One has only to apply Stokes's law to the various possible bub-
ble sizes to be convinced that bubbles will not affect the hydrogen density.

A bubble of 0.1 mm diameter will have a terminal velocity of 11
cm/sec. For the effect of the bubbles to be of the same order of mag-
nitude as other factors affecting the total cross section, their diameter
would have to be 0.003 mm { the smaller diameter providing a slower
rate of transfer of the gaseous hydrogen to the surface), and there woud
 be 200 bubbles in a column one centimeter above a bubble. Uhless one
makes the improbable assumption that the bubbles are all exactly the
same size, and therefore of like velocity, combination of bubbles would
be sufficiently rapid to assure that bubbles of this size could exist only
close to the container surfaces. |

There is the other possibility that bubbles sticking to the walls
might effectively decrease the diameter of the container. This layer
of gas would have to be more than.1/8 inch thick to affect the cross sec-
‘tion by 5%.

' Since the above discussion is not rigorous, it is best to refer to
the results of Thompson. 11 Using a target with similar vacuum, less.
heat s»hi_g.lding, and larger surface-to-volume ratio in the region of the
beam, h: (;btained results to be compared to molecularly bound hydro-
gen. The consistency of his data limits the bubble effect to 0. 1%.

. W1th an insulation vacuum pressure of 2 x 105'5 mim, one may
neglect the possibility that gases, depositing on the outside surface of
the hydrogen container; might affect the counter background, There,'
has never been any evidence of diffusion-pump oil on the container.

The insulation of the target was always more than adequate to insure
that no moisture would deposit on the outside vacuum jacket in the re-
gién‘of_the;%‘beamo

’i’he_outside diameter of the hydrogen container at beam level
was measured with a micrometer, with an excess internal pressure of
one atmosphere. This measurement was converted to the inside diam-
eter at liquid-hydrogen temperatures {length L), 12 A small correction

was applied to take account of the curvature of the hydrogen container
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for the 5/8-inch beam width.

The liquid-hydrogen density Was determined using the atmos-
pheric pressure at the laboratory, with the following equations obtained
from references 13, 14 and 15: o ‘v S

" T =20.4+ 0.0044 (P - 760.0), ' S (6)

\'% 24.747 - 0.08005T + 0.012716T> = Vol"o'f"liquZ/mole , (7)

i

H
where T is the boiling temperature of the liquid hydi‘ogen in degrees
Kelvin, i‘and P is the atmospheric pressure in millimeters of mercury.
The result is _ '
_ 3
MH/VH = 0.0711 g/qm

MH is the mass per mole of liquid hydrogen. . The eff_ec'c qf ortho-para
conversion on the density is small and has been neglected.

- The target and a blank container, used.to simulate the empty hy-
drogen target for counter background subtraction, were separated by
26 inches between centers and mounted on a motorized cart (the target
railroad). Upon the operation of a switch the target or blank could be
moved into the "in beam' position while the proton beam was on, or
the beam could be passed between them (the ‘'neither! position). The
centering of the target or blank in the beam was arranged by micro-
switches to stop the motér,7 and aided by .a brake"activatle&'b’y the mi-

croswitches.: Each time angle or absorber changes required entering

‘the cave, the positioning of the cart was checked; it was never found to

vary.

The Angle and Distance Scales

Under the central "in beam'' position on the railroad support
stand was mounted an upright pivot over which,v{/asvplaced the arm used .
in mounting the counter telescope.. An angle ‘sca.le_ was fixed to the tar-
get stand to indicate the angle thatvthe arm and countérs mé.de with the

"in beam"

beam. The distance from the target or blank center, in the
position, was scaled along the counter arm. The position of the center
of the defining scintillator along this scale, with a small correction ap-
plied, was taken as the distance r, détermining,‘the soli& angle Q. . The

correction takes account of the fact that those target protons nearer the
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defining counter are more effective in scattering protons into the coun-

ter. This correction varies slowly with angle and is about 0. 1%.

The C ounting Electronics

A block diagram of the counting electronics is shown in Fig. 7a.

The two counters used to form the counter telescope were pulse-height~
type liquid scintillators viewed by single 5819 photomultiplier tubes,
with lucite containers for the liquid and using lucite light pipes following .
approximately the principle of Garwin. L6 It was thought that this type
counter would be better for coincidence counting because of its more
uniform pulse heights, although‘ no pulse-height measurements were
attempted. The scintillator solution consisted of three grams of p-
terphenyl per kilogram of phenylcyclohexane with 15 milligrams of
diphenylhexatriene per kilogram of solution added.to concentrate the
light energy in the sensitive spectral region of the 5819 photomultiplier
tubes. To eliminate the effects of stray magnetic fields, the photomul-
tiplier tubes were encased in 1/4-inch-thick soft iron pipes in addition
to the mu-metal shields which accompany the 5819 photomultipliers.

The output pulses of each photomultiplier were amplified by two
Hewlett-Packard 460A wide-band distributed amplifiers and then intro-
~ duced into a coincidence circuit similar to that of Garwin. 17 The co-
incidence circuit was followed by pulse-shaping amplifier stages, and
then a-scaler for recording the coincidences. The resolving time of
the coincidence circuit was about 4 x 10" seconds. This is sufficient
to resolve protons coming from adjacent cyclotron rf pulses. The elec~
tronics throughout, except for the scaler, had a Sola regulation applied
to fhe filament voltages.', ‘and regulated B+ supplies to insure stability
in the response of the electronics to proton pulses. The two signal
channels were identical, except that the scintillator light pipes differed
slightly in their dimensions and the 5819 photomultiplier characteristics
were not the same. - ’

The scintillator dimensions were measured by micrometer. The
results were: 4

Defining counter -- 8.687 x 2.992 x 0. 945 centimeters,

“"Back-up' counter-- 11.890 x 5.951 x 2. 144 centimeters,
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for the height, width, and thickness (traversed by the counted protbn),
respectively. In counting, the first scintillator served to define the
solid angle Q.. A copper absorber, when used, was placed between the
two scintillators. The "back=-up'' scintillator was enough larger than
the defining scintillator to make muitiple-scattering losses of protons
negligible for the geometry of the counter telescope. The effective
enlargement of the area of the defining scintillator, because of multiple
scattering of the pfotons in the 1/16ainch=thick lucite walls, is estima-

ted to be less than 0.3%. No correction has been applied,

The Beam+~Calibration Equipment

Beam monitoring was done by an ion chamber which in turn was
calibrated by a Faraday cup. The currents from both were integrated
across capacities connected ﬁo the inputs of dc féedback electrometers.
The resultant output §oltage from each electrometer drove a self-’
calibrating Speedomax tape recorder. A block diagram of the beam-
calibration electronics is shown in Figo 7b. The features of the ion
chambers and Faraday cﬁp are given in reference 9.

‘The Faraday cup stops the beam in an electrically insulated brass
block placed in a vacuum. The current obtained from this bl_ock should,
with proper p‘recaution,, be just the beam current. The number of .
charged particles leaving the block or being knocked out by neutrons,
scattered in stopping the beam, is small, This was checked, using
‘photographic plates by' Dr. Vincent Petei‘son,, who was responsible for
the construction of the Faraday cup. '

The current from the Faraday cup was introduced directly onto
a 98 * l-micromicrofarad polystyrene Fast type condenser connected
to the electrometer. The electrometer chassis was mounted on the cup
support stand and the short cable from the Faraday cup to the electrom-
eter was held rigid by a 1/8-inch aluminum plate. This arrangement,
using a short cable held rigidlyvfixeds, was found necessary in main-
taining a satisfactorily low drift current in the Faraday cup circuit.

In reducing the energy of the proton beam, the beam was atten-.
uated by a factor of about 50 to 200, giving maximum proton curfents

of 10713 and 3 x 10°14 amperes for the 260<- and 170-Mev beams.
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Since the type of electrometer used in this experiment is standard equip-
ment at the Radiation Laboratory, an electrometer can be selected whose
input electrometer tube has the least noise and lowest grid current, The
in’tegrated current of the Faraday cup, in addition to the current repre-
senting the prvoiton beam, included a drift current that was essentially

the electrometer-tube grid”cuﬁrrent. “This drift current had to be cor-
rected, sin‘c.e‘it.was abouf 5% of the full 170-Mev proton beam current.
The correction was the aw)érage of the drifts before and after the beam
integration, and it was reasonably independent of the charge collected
over the range of operation. '

As is standard practice here, the Faraday cup had a magnetic field
of about 100 gau'és applied across the face of the 6 x 6-inch chindrical
brass block used in stopping the beam to reduce the emission of secon-
dary electrons. The application of +300 volts or -300 volts to a screen
preceding the block.affected the corrected Faraday current by about 1%.
Consequently integration w.as done with the ‘scfeen‘grounded» although
the effect of screen voltage was tested during each run. This test served
to indicate the number of low-energy charged par'ticles. in the vicinity of
the stopping block. For good Faraday’ éup:vacuums, the effect of the

screen was always small,

4]

e
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III EXPERIMENTAL PROCEDURE

: P.rep*arati'on o

_ Con81derable preparatmn and settmg—up time was requ1red for
each cyclotron run because of the quantlty of exper1menta1 apparatus
. involved.  To insure proper operation of all equ1pment, a serles of
checks was necessary, whlch started well before the cyclotron run,
Usually the hydrogen target was checked f1r st for proper vacuum,
operation of the hydrogen 1eve1 indicator, and operatlon of the target
railroad. Because of considerable initial d1ff1cu1ty in f1nd1ng a workable
hydrogen conta1ner, and also because of the time 1nv01ved in finding and
repairing 1eaks, the target vacuum was watched most carefully
‘ ~ The Faraday cup was checked for proper vacuum and 1ts electrom-
eter was checked for low dr1ft current and proper operatlon
The energy reductlon system was ahgned 1n the magnet using a
current- carrylng w1re under tension to g1ve the path of the proton beam.
. The ahgnment was qu1te sens1t1ve to the current in the wire. It was
found that, w1th care in use of the wire techmque, no changes except in
magnet current were necessary to pass the proton beam cleanly through

the proton reductlon system during a run,

- Checks of Electronic Equipment

Before the cyclotron runs, the electronic equipment was connected
and tested for transmission of pulses and for zero relative delay of each
channel, to be sure that related pulses from each channel arrived at the
coincillence circuit simultaneously., The'operation of the counters was
checked using a radioactive source.. The scaler discrimination level
was adjusted to 12 volts using a discriminator calibrator. The output
of the coincidence circuit for normal proton pulses was 18 to 20 volts.

During the runs, the equipment was aligned in the proton beam,
using x-ray film, following which a series of checks was performed on
the electronics, using the proton pulses. The counting arrangement was
as in Fig. 8.  Coincidence counts per unit beam versus photomultiplier
voltage were taken on each counter while the other was held constant in

voltage at approximately the operating level, a. plot.was made, and the
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proper voltage setting was determined. A sample of such a voltage
plateau is shown in Fig. 9. As a check on the stability of the electronic
equipment, the voltage plateaus were briefly taken both at the beginning
and at the end of each day's run. In each case, no change was detected.
From time to time the coincidence circuit was checked to see that there
were no coincidence counts when one or the other photomultiplier vo]~
tage was turned off. The rate of coincidences observed when the beam
was turned off was never greater than two or three per minute, and
would be expected to subtract out, since in general the blank coincidence
counts were obtained with the same beam level as the target counts. The
coincidence counting rate as a function of length of cable in each channel
was measured and the cable length set for zero relative delay of the re-
lated pulses. The number of coincidence counts per unit beam was in-

dependent of beam level at all levels at which data were taken.

. Determination of the Hydrogen Counts

In the subtraction of the background counts, a blank (dummy) con-
tainer was used to simulate the empty hydrogen container. To be sure
that the blank was sufficiently similar to the empty targvet, the ratio of
the two was counted at various angles. The ratio was observed to be

= 0.97 £ 0.02, for all angles and absorber values, the target provid-
ing more counts, '

Following the above measurements and tests of electronic equip-
ment, the hydrogen target was filled and the determinationbo;f the num-
ber of hydrogen counts per unit beam at one energy was started. To
determine the hydrogen counts, the background counts must be subtract-
ed. The background consisted of protons scattered from the collimator
system, from the thin windows of the target, and from air traversed by
the beam. Some of the background protons, especially some of those
from the collimator system, were so low in energy that they could be
stopped by a few grams per square centimeter of material. Since the
stopping power of the full hydrogen target was greater than that of the
blank, a false measure of the background was obtained if the hydrogen
target was simply replaced by the blank while the remainder of the ap-

paratus was unchanged. 'The false effect was small at large angles

4
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because the background itself was small, but was very important at
small angles where the background count could be as large as the count
from the hydrogen, or even larger.

Several steps were taken to insure that a proper background sub-
traction could be made. The first of these was the construction of the
collimating and analyzing system previously described, which was
quite effective in reducing the background and hence in reducing the
false effect, The second was to introduce a copper absorber into the
counting telescope. This reduced the background more than it reduced
the effect from hydrogen, at the same time rendering the background
counting rate less sensitive to the amount of material in the path of the
counter particles, The third step consisted of using a slightly thicker
absorber forb_ background measurement than Was used when the hydrogén
target was in the beam. The additional absorber was calculated to have
just the stopping p‘ower of the hydrogen in the hydrogen target. The ab-
sorbers used in the counter telescope were of the order of 15 grams
per square centimeter of copper. It was found desirable to take a.se-
ries of counts pér unit beam of the blank and target, as a function of
absorber, and measure several differences (see Figs. 10, 11). Inthis
way it was possible to check the consistency of the method.

- To determine the stopping-power correction to the blank counts,
the source of the low-energy protons that are counted on blank, but not
on target, must be determined. The qua’nfity of hydrogén which these
low-energy protons traverse depends upon the angle at which they di-
verge from the beam and the distance of their source from the hydro-
gen. In the course of counting with the target and blank as a function
of absorber at the various angles, a few '"'neither'" counts were included
(Fig. 10, 11). In every case, the '"neither' counts reasonably parallel-
ed those of the blank for equivalent absorber, indicating that the win-
dows of the target (and of the ion chamber) contributed very few of the
low-energy protons. Primarily these low-energy protons were scat-
tered from the collimating system and trax}eled directly to the counters,
or were stopped without scaLttering_furil:her° Using this information,
and the geometry of the collimating system, and target, one can deter-

mine the values of the copper equivalent in mass stopping power of the
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hydrogen path traveled by these protons; these values are given, to-
gether with their uncertainties, in Table II. The method is not precise,
but is adequate for the magnitude of the correction. The conversion
from hydrogen to equivalent copper was made using the tables of Aron
et al. 18

To obtain the coincidences from hydrogen-scattered protons
alone;, oﬁe must subtract from the target coincidences, for a given ab-
sorber value, the blank coincidences, corrected by the blank-to-empty
ratio. The blank coincidences are to be measured at a value of absorb-
.er equal to'-the target absorber plus the copper equivalent {in stopping
‘power) of the hydrogen traversed by the low-energy protons that are
counted on blfank but not on target. The desired blank coincidences

can be obtained from the plot of blank counts as a function of absorber.

Table 11

The Copper Equivalent of the
Hydrogen Stopping Power--

Angle Hydrogen | Equivalent

(lab. ) path copper
'degrees T an g/cm‘2
0.0 14,2 3,00 % 0. 05
4.5 13.5 2.85% 0,1
4,8-5.0 13.3 2,81 0.1
6.0 13.1 2,77+ 0.1 ..
8.0 12.2 2.60£ 0.2
11.0 11.3 2.40 £ 0.5
, 15.0 9.5 2.00+ 0.6
. _ 20.0 4.0 0.84 % 0.6
30.0 0.0 0.00 % 0.3

No correction has been applied for differences in multiple scat-

tering of protons in the target and in the blank. It is expected that as
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many protons will multiple~scatter into the counter as are lost by mul-
tiple scattering, except at the;small':es,t, angles measured; where the
cross section varies rapidly becalise of Coulomb scattering.. Even hei'e
this effect is expected fo be small in comparison to the angular correc-
tions that have been made in this region.

Two background checks were made during the.course of the runs.
The beam collimator hole was plugge'd by brass of thickness equivalent
to several proton ranges, and coincidences Were éountedo., With the
beam collimator hole open, the scintillators were put out of line so
" “they could not jointly see the collimator hole, and coincidences were
counted. In each case the coincidences dropped.to less than 5% of the
blank counts. , _ | l' . )

As a check on the defining scintillator, the whole counter was re-
placed by a somewhat smaller stilbene crystal, viewed by a 1P21 photo-
multiplier. . The output pulses of the photomdltiplier were amplified by a
distributed préamplifier before the pulses were introduced into the same
amplifier channel as used by the original derfini_n:g counter., A voltage
plateau on the new counter was taken to determine the proper photomul-
tiplier voltage, and the two cilannels were set for zero.relative delay.
After the coincidence counts per unit beam were corrected for the dif-
ference in stopping power 6f the two definin-g.COuﬁtersg the ratio of the
defining areas of the two counters over the ratio of their coincidence
counts were 1,016 + 0.030, indicating vs'ati'sfact"or:‘y agreément between

different counters,

The Beam Calibration

The following method was devised to Calibrate-the monitor ion
chamber ‘(Fig,‘ 12). With beam<collimation and monitor ion-chamber
locations just as for counting, the target railroad was put on "neither"
position and the Faréday cup set in placé to receive the béam, The
monitor ion chamber was between the last collimator slit and the anti-
scattering block, preceding the hydrogen target. The Faraday cup was
even with the rear of the target and blank. The integrated Faraday cur-
rent per unit beam was then measured as a function of absorber placed

in the beam between the Faraday cup and the monitor ion chamber. A

<
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Bragg curve was taken simultaneously, using another ion chamber in
the beam following the absorber and preceding the Faraday cup.

The effective multiplication M* desired in equation {3a), which
determines the differential cross section in the laboratory system at
an angle (I) » is difficult to ascertain precisely. The following proced-
ure has been used. The coincidence counter telescope has a cutoff en-
ergy such that only those beam protons above this energy can, upon
scattering, penetraté the second counter to cause a coincidence count.
This cutoff energy is defermined by the variable copper absorber
placed between the two counters, the energy loss from scattering into
angle {? ; and the target and counter material traversed by the protons.
The procedure has been to find the ratio of integrated ion-chamber
current to integrated Faraday cup current for that value of copper ab-
sorber _whi,ch gives the Faraday cup the same beam-energy cutoff as the
counter telescope. After three corrections have been applied, the
above current ratio becomes the effective multiplication M*, and the
corrected Faraday current measures only those beam protons which
~are capable of being counted if scattered by the target protons. Two
of the corrections are such as to equate the loss of protons by nuclear
~collision ivn the Faraday cup absorber to the nuclear loss along the path
that a proton takes to count as a coincidence in the counter telescope.
~The third accounts for the undesirable electron contribution to the Fara-
day cup current. The corrections are as follows: ‘

i (1) The copper absorber placed before the Faraday cup gives it
the same cutoff enérgy for the protons of the beam as the counter tel-
‘escope has for the protons scattered by the hydrogen.. Each part of the
Faraday absorber accounts for an energy loss by ionization to the beamv
protons which has its counterpart along the path of a proton scattering
from the hydrogen into the counter. In addition, each part of the Fara-
day abéorber contributes to the attenuation of the proton beam by nucle-

.ar collisibn of the protons with the copper nuclei. The energy loss ex-~
perienced by the protons in scattering by a liquid-hydrogen proton into
the angle (P in the direction of the counter telescope is not due to ioni-

zation, and there is no possibility of nuclear attenuation for this case.
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Also, one may consider the ionization loss of energy of a proton in the
liquid hydrogen as being without associated nuclear attenuation losses,
since almost as many protons should find their way into the counter tele-
scope by a second scattering as are lost by scattering. The integrated
Faraday cup current must be increasevd to account for nuclear losses in
the Faraday absorber which have no counterpart along the proton path
to the counter telescope. The correction has been applied, using infor-
mation furnished by Ki:rs\chbaum19 to eliminate the nuclear losses in
these parts of the total Faraday absorber. Kirschbaum's absorption
cross sections are for protons that by inelastic nuclear collision, lose
more than 20 Mev. His absorption cross sections for protons in copper
are then too large for this experiment, as some of the protons losing
more than 20 Mev can contribute to the Faraday cup current. Not ap-
plying this correction gives an effective multiplicatioﬁ that is too large;
applying the correction using Kirschbaum's absorption cross sections
gives a multiplication that is too small.  The true effective multiplica-
tion, however, i1s much closer to the corrected value than to the uncor -
rected value. This is indicated by the following two facts: (a) The ef-
fective multiplication obtained by not including the amount of Faraday
Cup absorber to which the nuclear loss correction is applied is about
the same as {(perhaps slightly lower than) the corrected multiplication,
{b) The loss of beam protons in the Faraday cup absorber is due pri-
marily to nuclear collisions of the beam protons with the copper nuclei,
since the number of low-energy protons in the beam is relatively small.
The relative number of low-energy protons can be guessed roughly by
comparison of the ion-chamber multiplication at the energies of this
experiment with the multiplication expected if the beam were homogen-
eous, and coh.verting these measurements to the energies of this experi-
ment using the method of Chamberlain, Segré, and Wiegand, The con-
version takes account of the change in ionization density with energy.
The nuclear loss correction itself is quite small, except for larger :
counter absorber values at counter angles of 20° and 30°. There is no
"indication that the measured differential cross section depends on ab-

sorber at any of the angles.
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{2) The se’c'ond._cor_r‘e'ction cohcernsuthe-vdifference between the
counter telesoope and th'fe Faraday cup"in detection. It is possible for
the beam protons to generate stars ivn.,_the absorber méteria1 so that a
single incident protonvs;ca.n contribute more than one positive electronic
" charge to the Faradary,cup current, Be,oause a single proton can cause -
at most a single coihciderice in the counter tele'vscope‘,7 some correction
must be estimated. The correctlon is taken as 1 5% (1ncre351ng the
Faraday current because of the pos1t10n of the Faraday absorber) The
estimation is based upon the assumptlon of approximate nucleon-nucleon
collisions within the copper nucleus. This then determines a best loca~-
tion for the Faraday absorber before the Faraday cup such that on the
average only one proton enters the stopp1ng block for each proton inci-
_-dent on the absorber. The Faraday current varies quite slowly with
variation in distance of the absorber from the stopping block, so that

errors from this correction are small. _Primarily» this correction af-
-fects the total cross sectlon, L , | ‘

(3) The beam protons colhde w1th electrons in traver51ng the win-~
dows and copper _absorbers preceding the Faraday cup stopping block.
Some of the electrons struck in the.last few mi_]-,s' of material (only Far-
aday cup window and screen) can contribute to the integrated Faraday
cup current. The .biucl.ing energy of the el‘ectronbs is quite small rela-
tive to the energy of. the electrons struck so as to reach the stopping
block, ‘so théy may be treated as unbound ‘and the or d1nary ‘Rutherford
scattering formula has been used to calculate the correction., A rela-
tivistic transformation was used to determine the solid angle in the
center-of-mass sy'st'em,k The correction at 170 Mev lowered the cross
section by 4.5%. , The correction at 260 Mev was 3. 5%.

Multiple-scattering losses in the counter and Faraday cup absorb-
ers are small and have ‘been neglected.

The counter cutoff energies are in the lower -energy tail of the
beam-energy distribution, and so the majority of the protons are not
stopped by the absorber. The cutoff is suffioie'htly vhigh.in energy that
low-energy protons carrnot contribute to the cross section, although
this effect would be small for the number of protons involved, The

cutoff energies ranged primarily from 80 to 120 Mev for the 170-Mev
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measurements,, and from 110 to 145 Mev for the 260-Mev measurements.
In this region, the effective multiplication varies slowly with absorber.
This method of ion-chamber calibration automatically corrects for nu-
clear losses, since nearly equal losses occur in both counter and Fara-
day cup absorber paths. The counter absorber range was varied with
angle so as to keep the energy cutoff approximately constant.

The plot of the ratio of integrated Faraday current to integrated
monitor ion-chamber current as a function of absorber placed between
them gives a beam range curve. When a correction for nuclear losses
has been applied, the dérivative of the beam range curve gives the dis-
tribution in range of the beam protons. One can convert the distribution
in range to a distribution in energy by using the tables of Aron et al. 18
This procedure was followed in obtaining the curve of Fig. 3(III). The
corresponding range curve is seen in Fig, 13. The miclear_lo-és cor-

rection has been made using the absorption cross section of Kirschbaum.

. The low-energy tails of the beam energy distribution curves are quite

inaccurately known. The three remaining distributions, similarly de-
rived, are given in Fig. 5. The initial slopes of the range durves fol-
low closely the nuclear attenuation curve expected when the absorption
cross sections of Kirschbaum are used. For this reason, the same
angular distribution for the differential cross section can be obtained,
using Kirschbaum's cross sections, to correct for nuclear losses, and
using the Faraday cup only to obtain the ion-chamber multiplication
with zero absorber. The total p-p cross section averages about 1%
1'ower by this method.

The Bragg curves are plots of the ratio of the integrated rear
ion-chamber current to that of the monitor ion chamber, as a function
of absorber. Absorber values correspond to mean proton ranges at
those points on Bragg curves at which the ratio of ion-chamber currents
is 0.8 of the maximum ratio {i.e. ,. at 0.8 the peak height of the curve).
This condition may be expected when the distribution in energy of the
beam protons is Gaussian. The nominal beam energies, as given in
the results, are the peaks of the energy distributions as determined by

the 0,80 points on the Bragg curves. The mean energy of the protons
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is not expected to be more than 3% iowex than this. The Bragg curve
for 174 Mev, Run No. 2 is shown in Fig. 4 (III).

The capacities used in the ihtegration of the ion chamber and Far-
aday currents were measured using a General Radio'capacity bridge
‘model 650A with 1000-cycle note. The bridge was calibrated using a
variable standard capacity adjusted to the same value as the capacity
to be measured. A dc charge-sharing method, using a standard capa-
city, would be a valuable addition to these ‘fnea-Surernents', but was im-
possible with the standard capa.cities available, Moreover, the Fara-
day capacity used was too small for this method. Since the capacities:
had excellent frequency characteri‘stics, the error from the method
used here is thbught to be small. ¢l

One of the weaknesses of the experiment lies in the fact that the
Faraday calibration cannot be done simultaneously with the counting.
To be sure that the beam remains constant (eicept in intensity), the
currents of the cyclotron field, focusing magnet, and analyzing magnet
were continuously checked during the course of Run No. 2, and when
changes in current were found, the current was readjusted to its initial
value. The drift in the magnet currents was found to be small after the
first few hours of rufming time, when the magnet temperatures became
essentially constant. The above check was not performed for Run No.1,
In general, no cross-section or ion-chambeér calibrations occurred dur-

ing the first two hours of running time.

Postrun Measurements

Following the cyclotron run, the calibrations of the electrometer,
tape recorder systems used with the ion chambers, and Faraday cup
were checked with a standard cell. They were with one exception always

found in agreement to within 0.2%. The corrected values were used.
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IV CALCULATIONS AND EXPERIMENTAL RESULTS

Sample Cross-Section Calculation

The following calculation is for 11.02 g/cmz of copper absorber
in the counting telescope at the laboratory angle of 8° and beam energy
of 260 Mev., The data were taken during Run No. 2. The plot of counts
is given in Fig. 10. To determine H, the number of protons per unit
beam scattered by hydrogen; one has

H=T-B/R , - | (8)
: ﬁvhere T is for target and B is for blank counts per unit beam., and R is
the blank-to-empty ratio, For this angle and absorber value, T =
1275 £ 21, B = 645+ 14, R= 0.97 £ 0.02, giving H = 610 £ 29. The
- copper equivalent of the stopping power of hydrogen at this angle is
2,60 +£.0.20 g/cmz.. T is taken at 11. 02 g/(:mZ of copper absorber,
and B is for 11.02 + 2,60, or 13.62 = 0.20 g/cmz of copper absorber.
The value of B is obtained from the graph (Fig. 10). _
To determine the effective ion-chamber multiplication, one must
first determine the cutoff energy of the counter telescope. Arbitra.rily,
it has been assumed that the proton must penetrate 0.1 g/_cm2 of the
liquid scintillator in the rear counter to count a coincidenc_:eo Including
this, the proton traverses material equivalent to 4. 39 g/cmz of copper
in mass stopping power plus the 11.02 g/cm; of the copper counter ab-
sdrber, or a total of 15. 41 g/cm‘2 after scattering in the hydrogen. This
range corresponds to an energy of 116 Mev. A pi'oton with just suffi- .
cient energy to count would have this enefgy‘a'fte”r.‘-s‘cafte"ri-ng; The en-
ergy before s'catter-iné is 118.4 Mev, determined using the equation
E = ES/EO'éZCIi' (1 - E'sltanz @}/chz) L (9)
E is the proton kinetic energy before scattering and ES is the proton
kinetic energy after scattering. The equation is derived in Appendix B.
The energy change from scattering is equivalent to that caused by 0. 55
g/cm2 of copper. Before the proton scatters in the liquid hydrogen,
it traversesa on the average I-hatei'ial equivalent in stopping power to
1.72 g/cmz of copper. This includes one-half the hydrogen and the tar-

get windows. The total of the before-scattering, scattering, and after-

-t
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scattering equivalents in copper stopping power is the quantity of cop-.
per one should place before the Faraday cup in determining the uncor-
rected multiplication of the ion chamber. The total is 17.68 g/cmz.
The multiplication curve used for this calculat‘ion, obtained with the
260-Mev beam of Run No. 2, is given in Fig., 14. For 17.68 g/cmz,
the uncorre‘cted multiplication is 1212, and the three corrections previ-
ously mentioned changé this to | ’
M#* = 1145 .

From equation (3b), K = 2,490 x 10~

in K are listed in Table III. From the above values for K, M%, and H,

32, The values of the terms
one can obtain the laboratory cross section using equation {3a}:

o(®) = KM#H = 17.42 0. 87 millibarns per steradian.
This corresponds, in the center-of-mass system, to

g(6) = 3.87 = 0. 19 millibarns / steradian,

0 17.0°, |

obtained from equations (4) and (5). The errors quoted are relative

"

- errors that are expected to affect the angular distribution.

Table 111

Values of the Terms in K for
(1) = 8 Degrees, 260 Mev, Run No. 2

Term' Value  Uncertainty
e 1.602 x 10“19 coulomb negl,
T 16A0/1,001 cm 0.3%
m  1.6734x 10724 g negl.
0.0711 g/cm3 0.5%
L 14.186 cm 0.1%
C  0.1052x 107° farads 0.3%
V. 0.0998 volts /full scale
. 0.3%.
A 25.99 em” 1. 0%

Though the ion-chamber capacity enters into the computation of M* and

K, it cancels out in the product KM%,
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Angular Corrections

A difficult correction to determine is that 'ap,pl.ied to the results at
the smallest angles measured. The correction may be applied either as
a change in angle or as a change in the level of the cross section. The
former approach has been chosen. The correction has been divided into
three effects for abproximate calculation ‘They arise from the fact that
the beam has finite width and is divergent, and that the def1n1ng counter
is finite in size. The three effects are as follows: _

{1) The angle scale reading gives the angle that the line through
the center of fhe_ target and center of the defining counter makes with
the proton beam; however, the protons that scatter at a given counter
angle to the beam define a cone. Because of the curved geometry, the
areas of the defining counter on each side of the protons scattered at
a given counter-angle setting are unequal., . The correction may be cal-
culated geometrically, and is such as to increase the angle reading
slightly at the small angles.

{2) The second correction is needed because the comc1dence counts
‘obtained at any angle are an average, over the counter, of a nonlinear
distribution in the intensity of the incident proto:ns, The average inten-
sity does not represent the intensity at the center of .the counter as de-
termined by'effect {1). This correction applies only in the Coulomb re-

gion Where the.cross sectlon is rap1d1y varymg° The correction is such

as to decreas : the a.ngle read1ng ‘

(3) The beam divergence effect is similar to effect (Z)V: and arises
only in the: Coulomb region where the scattered proton intensity distri-
bution is appreciably nonlinear. This effect occui's beceuse the half of
the beam on the side of the counter is more effective than the other half
in contributing scattered protons. The effect of the finite beam width
may be treated as an increase in beam d1vergence. ». The beam-divergence
correction is such as to decrease the angle reading.

' Because_ an unfolding is necessary to calculate the corrections to
the last two effe‘éts, they have been estimated from an ap.proximate

graphical unfolding, as the correction is small, For the counter effect,
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it has been assumed that the average scatte‘red -proton intensity given
by the counter is ’che average of the true 1nten51t1es at the one-fourth-
and three- fourth°~=-w1dth pomts of the counter For beam dlvergence,
the assumptlon ‘has been that the beam is equivalent to two beams di-
verging from each other at twice the RMS angle and centered about 0°

It is then possible to work back, successwely determxnmg the true dif-
ferential cross section distribution and using the knowledge that the
distribution obtained is the same as the true distribution at angles of

8° or more. Table IV lists the corrections from the three effects, The
accuracy of the combined corrections is taken to be 50% The accuracy

of the angle-scale readlng is estimated to be 0. 1°

Table IV .

‘Values of the Angular Corrections

Angle . Energy : Corrections" : - Corrected
‘ Effect (1) Effects (2),(3) . Total .angle

Deg:ree_ve Mev .Degrees Degreevs: : , De’gree'sv -Degrees

4.5 260 0,1 0.2 -0.1 4.4

4.8 . 170 0.1 -0.3 . -0.2 4.6

5.0 .- 170 0.1 . =0.25 - =0.15 4.9

5.0 260 0.1 -~ -0,15 - -0,05 ° 5.0

%.0 . 170  0.05 -0.1 -0, 05 - 6.0

Tabulation of Ree ults

- Tables V, VI; VII, and VIII give the values of the angle @, count-
.er absorber, T, B, M*, ¢g(8) and @, as measured ::Ixnd calculated for
Run No. 1 and Run No. 2. The cross-section errors listed do not in-
clude absolute errors affecting only the total cross section. The re-

sults a_-re shown in graphical form in Figs. 15 and 16.



Table V

Results for Run No. 1, Bearﬁ Energy 170 Mev. The Indicated Erro:rs Include Only Those
Affecting the Angular Distribution. o o : - '

Lab, Counter o o C.M. differential CM

angle - absorber T_ i - B , o M cross section “angle

' deg. g/cm? ~ counts/unit beam o | o millib. /ster.. ' .dego
5,28 2360 +.30 1560+ 28 1354 5.84 % 0,42

4.9 8. 09 2153 % 36 1428 # 26 1380 5.38 + 0. 45 10. 1
11.02 1934 + 31 1386 + 26 1431 4,09 £ 0, 42
.. 5,49 1117 + 21 618 + 18 1357 3.83 £ 0.25

8.0 8.09 1054 % 19 579 £ 18 1383 3.66 + 0,24 16.7
11.02 983 £:16. 529 + 18 1416 3.58 + 0,22
5.69 895 % 19 328 £ 10 1358 3,63+ 0,18

11.0 8. 09 o732 %12 308 + 11 1383 3.35 £ 0. 13 23.0
_ 11.02 693 = 12 255+ 9 1421 3.58 % 0. 14
6.09 597 + 16 150 + 9 1362 3,60+ 0.17

15.0 8.09" 559 + 12- 130 + 13 1386 3,51 +0.16 31,3
: 11.02 544 + 12 107+ 9 1431 3.71 + 0. 15

| 0,00 675 £15 ' 212+16 1318 3.73 £ 0,19 o

20.0 2.84 601 + 14 164 + 12 1339 3.59 £ 0,17 41,7

: 5,25 - 529 + 13 134 + 14 1359 3.30% 0.16 . .
11.02 - 456 12 59 # 10 1464 3,59 % 0,16
0,00 ' ‘575 + 8 216 % 11 1314  3.20+0.14

30.0 2.84 517 £ 10 150 9 1337 3.34+ 0.15 62.2

8%~




Results for Run No. 2, Beam Energy 174

‘"Table VI -
Mev. The Indicated Errors Include Only Those

Affecting the Angular Distribution

'VL ab.

C.M. diff.erential

Counter o . . .C, M.
angle absorber T B M* cross section angle
deg. g/cm? ‘counts /unit beam millib. /ster. deg.

5,25 2192 + 33 1480 + 22 1387 5,28 % 0, 42 ,
4,6 8.09 2122 + 27 1405 = 26 1424 5.49 = 0.42 9.6

11.02 1946 = 20 1307 = 25 1467 5.03 £ 0.43

: 5.25 1549 = 23 966 £ 18 1387 4, 40 = 0. 29
6.0 8.09 1461 + 22 950 + 18 1424 ~3.94 £ 0.30 12.4
11.02 1399 + 20 866 + 17 1470 4,26 + 0,30
5.25 1107 £ 19 610 £ 15 1388 3,83 +£ 0.23
8.0 . 8.09 1076 + 19 545 x 14 1434 4,22 0,22 16.8
11,02 965 + 18 512 £ 13 1508 3.71 £ 0,22 :
5.25 820 + 14 311 + 13 1386 4,04 £0.18
11.0 8.09 . 767 = 14 265 + 12 1428 4,11 + 0,17 23.0
' 11.02 681 13 240 = 10 1474 3.74 #:'0._16
2,84 - 666 £ 13 176 = 14 1365 3.94 £ 0. 17 .
15.0 5,25 629 + 12 . 135% 12 1393 4.09 + 0,17 31.3
L - 8,09 570 + 14 108 £ 8 1431 "3.93x0.16 '
_ 2.84 604 + 11 138 + 11 1368 3.92 £ 0.15
20.0 5.25 554 + 12 109+ 9 1401 3.84+ 0.16 41.6
- 8,09 526 % 11 82+ 9 1448 3.95+ 0.15
» 0.00 585+ 12 190 + 11 1343 3.59+£ 0.17
30.0 2.84 516 £ 11 120+, 9 1382 3,73 £0.16 62.3
5.25 456 + 11 99+ 7 1427 3.48-+ 0,15

71

96?.3.



Table VII

Results for Run No. 1, Beam Energy 259 Mev. The Indicated Errors Include Only Those
Affecting the Angular Distribution.

“GC. M, differential C. M,

Lab., Counter . ’ R
angle - absorber -T B M* cross section angle
deg. ~ g/cm? ‘.".i-éounts/unit beam . millib. /ster. deg.
11.05 2436 + 36 1671 + 29 1139 4.40 + 0,37
5.0 13.86 2326 + 24 1592 + 28 1166 4,40 + 0.33 10.6
16.27 2242 + 33 1534 + 27 1190 4,33 + 0. 36
11.26 1139 + 19 515 + 16 1143 3.83 +0.18
8.0 13.86 1114 + 24 504 + 16 1168 3,85+ 0,20 17.0
16,27 1089 + 18 493 x 16 1191 3.83 £ 0. 17
11. 46 828 + 18 230 £ 11 1145 3.80 £ 0,15
11.0 13.86 796 + 20 196 + 10 1170 3.90 % 0. 16 23.4
16.27 772 + 16 167 £ 12 1195 4,01 +0.15
11.86 6610 + 120 1163 £ 48 1153 3,56 % 0,09
15.0 13.86 6516 + 81 1050 + 64 1173 3.64 + 0. 08 31.9
16.27 6100 + 110 980 + 42 1199 3.48 + 0, 09
‘ 0. 00 7523 + 103 1880+ 124 1083 3,60 = 0.12
20,0 2.84 7027 £ 96 1510 = 78 1097 3,57+ 0. 09 42.5
- 11.02 6197 = 96 1020 £ 69 1154 3,53+ 0,09
16,27 5840 = 84 760 £ 56 1206 3.63 % 0, 08
0.00 6590 + 81 1618 £ 70 1082 3.55 + 0,09
30.0 2.84 6056 + 78 1276.% 63 1089 3.45 % 0. 09 63.5

—09=



_ Table VIII
Results for Run No. 2, Beam Energy 260 Mev. The Indicated Errors Include Only Those

p—

Affecting the Angular Distribution _
Lab. "Counter R | . _ - C.M., differential C.M.

angle absorber T B M cross section angle

deg. - g/cm2 counts/unit beam millib. /ster. deg.
11.02 3279 = 57 2321 % 51 1144 5.57 + 0.59

4.4 13.86 3229 = 57 2232 = 47 1167 5.94 £ 0.58 9.3
16,27 3079 £ 55 2136 = 46 1187 5.73 £ 0.57
11.02 1275 + 21 645 + 14 1145 3.87 £ 0,19

8.0 13.86 1226 £ 20 610 £ 16 1168 3.87+0.19 17.0
16.27 1164 + 20 566 = 17 1189 3.82 +0.19
- 11.02 856 + 13 264+ 9 1145 3.77 £ 0. 11

11.0 13.86 846 =+ 9 240 = 11 1169 3.94 £ 0. 11 23.4
16,27 821 £ 10 215+ 9 1194 4,00+ 0,10
8. 09 781 £ 19 157+ 7 1123 4.00 % 0.15

15.0 9.01 748 + 14 153 £ 7 1131 3.85x 0,12 31.9
11.02 704 13 144+ 8. 1147 3.68 £ 0,12
13.86 649 + 13 123 £ 7 1172 3.83 £ 0.11
5.25 719 = 12 146 £ 9 . 1103 3.75+ 0,12

20.0 8.09 679 £ 12 127 £ 8 1128 3.72 £ 0.11 42.5
11.02 551 £ 12 116 £ 7 1153 3.64 £ 0. 11
0.00 718 + 12 215+ 9 1065 3.57+£0.12

30,0 8.09 578 = 12 94+ 5 1142 © 3,72 £0.12 63.3
11.02 551 + 12 93 + 6 1181 3.63 £ 0,13

m‘[gm




o{®) IN MILLIBARNS /STERADIAN

-52-

7 T —T T T T T
RUN #|
& B
F }{ 170 MEV
5t F 7
Loty |
| o & b &
2[» 4
|+ B
O 1 l__ t i e i
0] 16} 20 30 40 50 60 70
7 T —T T T T T
6l RUN #2 i
174 MEV
Lo ]
I g |
4 g poh OB W 5
3t _
2r i
| - B
o 1 1 | 1 1 . 1
0] 10 20 30 40 50 60 70

© (C.M. ANGLE} IN DEGREES

MU-T962

Fig. 15. The mean differential scattering
cross section results in the center of mass
system for 260 Mev. The results of Run No, 1
and Run No. 2 are separate. o
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Errors

' Table IX lists the estimates for the known experimental errors.
The table is divided. The first half gives the relative errors affecting
the angular distribution. The second half gives the errors affecting
only the total cross section. The uncertainties are in percent of the

differential cross section.

Table IX

Estimates of the Experimental Error of the Differential Cross Section.

The relative errors are those that affect only the angular distribution.

{(The relative errors are indicated for each angle in Tables V through

VIII.) The absolute errors are those that affect specifically the total
cross section.

e

—

Error Source ' Percent uncertainty
R 1. . Counting statistics for one 170 Mev 260 Mev
E run and one absorber value----«----- 3to 10 2to 10
L 2. . Copper equivalent of hydrogen
A ¢ ; 1., 1 N 2_}_
T stopping power-----c-cecceooo-- 5 tol> - ~tols
I 3. Multiplication measurement--------- 1/2 to 2 1/2 to 2
V .
E
A 1 Multiplication measurement--------- 6 4
? 2. Factors entering into K-=c-ceemcuo-- 1-1/2 S 1-1/2
@) 3. . Electronics: slope of plateaus,
L accidental coincidences, loss of : -
U counts, relative delay of channels---- 3 : 3
g 4. Multiple scattering enlargement

of the defining scintillator----=w--w=- 2/10 2/10

The large errors in counting statistics occur only at the smallest
angles measured. In general, the larger differential cross-section er-
rors occur for smaller angles and lower energy. The relative multi-
plication errors are small because roughly the same Faraday absorber
range is covered for all angles. The larger errors are for deviations
from this rule. The nuclear-loss corrections increase the error at the

wider angles,
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The absolute uncertainty in the multiplication and the electronics are

taken large because of the difference in levels of the cross sections for
Run No. 1 and Run No.. 2. The d.iffe’ryer_l‘ce is approxirhajcely 10% for the
'170-Mev data, and 4% for the 260-Mev data, Run No. 2 being higher in
“each case. T:he source of the discrepancy is unknown. The combined

absolute errors are 6.9% at 170 Mev and 5.2% at 260 Mey.
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V CONCLUSIONS

The results of this experiment are consistent in showing the flat
differential cross section in the center-of-mass system characteristic
of proton-proton scattering at all energies, neglecting Coulomb effects.
The total cross section is evidently rather independent of energy for the
energies measured. The cross-section level is fairly well in agreement
with the corresponding early results of Chamberlain, Segré, and Wie-
gand, and also with their more recent work. 22 It is much lower than
the results from Rochester23a.nd HarwellZA9 and somewhat higher than
the level obtained at Chicago. 25 .A

The results presented here agree with preliminary work obtained

" before refinement of the experiment. This preliminary work was with

boorer beam collimation (primarily worse counter background), and
with different counters and electronics.. The beam used in the prelim-
inary work is represented by the middle energy distribution of Fig. 3,
and its corresponding Bragg curve in Fig. 4.

The method of background subtraction and ion-chamber calibration
used in this experiment would be more suitable for the 345-Mev beam
of the cyclotron, as the sensitivity of the experiment to the value of
counter absorber used would be less because of the higher and more
homogeneous energy of the proton beam, and because the larger beam
currents available in the Faraday calibration could reduce the drift
correction. Multiple-scattering effects would also be smaller.

| One may conclude from the results of this experiment that the
data add to the existing information on nucleon-nucleon scattering, but
essentially do not alter or increase the limitations of the form of the
potential interaction imposed by results previously obtained. To some
extent the number of corrections necessary and the nature of these

corrections, lessen the validity of this experiment.
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(T APPENDIX -

A. Derivation of Equations(4) and (5).
(1) Definition of Terms:
Unprimed terms refer to the laboratory system.

Primed terms refer to the center -of - -mass system.

p and E ‘without subscript refer to incident-beam proton
before collision. For the purpose of these calcula-
tions the beam is considered moving in the x-direction
and the scattering process occurring in the xy-plane.

P —proton momentum magni-ttid‘e in the laboratory system
m -protoﬁ rest mass '

¢ -—velocity of light

Et’-total proton energy

E -proton kinetic energy (incident-beam proton)

(I) ~scattered proton angle to the beam in laboratory system
@ ~scattered proton angle to the beam in c.m. system

1
[3' ~velocity of center of mass in. units of ¢

= 1/(1 602)1/2
B —ve10c1ty of incident proton 1n unlts of c
y =1/1 - g 1/2 g
_. (Z)ILorentz transformation'equations for the problem:

(a) Target proton before collision (the momentum of this
particle in the center-of-mass system is p' directed in
the minus-x direction. Hence the x-component of this

- momentum is--p'): ’

P,=0=y'(-cp'+ B'E") (i)
mc2 = y“(Et' - p'ép“) | (ii)

(b) Protonﬂ scattered at ‘angle Q) in the laboratory system or
‘at angle 4 in the c.m. system (subscript 1}):

cplx = cplcos@ = y (cp'cos @ + ﬁE "} = y'cp'{cos 8+ 1),

_ S o (iii)
cpy, = vc_pl sinQ = cp sin '9‘,_ * ,. (iv)
R - T i 1 1 AT
Elt—Y’(Et + B'cp' cos §) (v)

~(c) Partner proton scattéred-at angle (« - ) in the c.m.
system or at angle q)p in'the laboratory system:
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Eét: Yn(Et‘ tpiepicos(m —ve))= vI(E,' - p'cp'cos 0). ' {vi)

(3) Combining equations to obtain equation (5):

(i) and (ii) give

: Et' = y'mcz, ’ - ‘ {vii)
(i) and (vii) in.(v) and (vi) gives
Elt = y"zmcz(l + ﬁ'zcos 0), {viii)
. EZt = y'zmcz('l - [3'2c_os 9). (ix)

* Conservation of energy gives

A .
Elt = E - EZt-_i_-.ch . v(x)

* Combining (viii), (ix), and (x) to eliminate EZt" Elt:
E+me = (Zy'z - 1) xnc‘2 =‘ymc2 s (xi)
y=ayi-1. ' (xii)

Using {xi) and {xii) |
v = (1+ E/2mc?)}/? (xiii)

Combining Equations (111) and (1V)
tan @ = sin e/y (cos 0+ 1). (xiv)

Using Egq. (xiii) and a tr1gonometr1c 1dent1ty in (xiv):

1/2 :
tan 9/2. = [1 + (E/ch )] tan (P . [§))

(4) Derivation of Eq. (4)

From the propertles of total derivatives and the definition
of @, one has

a(6) = a() [dszlab/d . ] = o(§) [d(cos@)/d(cos eﬂ

(xv)
Squarmg Equatlon (5) , one haS°

tan @ = (1/cos CI)) - 1= (1+E/2mc )~ (l -cos@)(l+ cos 6)
(xv1)

Differentiating Eq. (xvi), s1mp11fy1ng, and eliminating
cos f with- Eq. {(xvi), one has

dcos@/dcose = [l+_(E/2.mc2 ) sin @J /4cos@(l+E/ch ) .

{xvii)

Substituting (xvii) into (xv) one obtvains Eq. (4):

. a2
a(8) = ¢(d) [1 + ‘.(E/chz) sinz@] /4 cos @(1+E/2mc2).
(4)
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The Proton Energy Change from Scattering.

The same notation holds as in Appendix A.

(1) Basic equations:

5 .
pZZ = pz +p, -2 PP cos q) law of cosines (j)
E, +E =E+ 2mc® . _cons. of energy(jj)
CZpZ =E z _ (mcz)z‘ » v reiéﬁvistic {3ii)
t .
: relation between
p and Et

(2) Derivation:
Substituting (3j) and (jjj) in (j) and simplifying:
, 2. 2. 2 2 2
‘(E'lt - mc¢ )/(E1t+ mc )= (E,c - mc )/(Et+ mc )cos(j(g;

Let’ci_ng;ES =E., = mcz andusing E :Et —mc;.z, one has.

1t
Eis/(ES + 2mc2)=[E/(E + chz)] cos 2@ . (V)

Solving for E and simplifying, one obtains Eq. (7):

) 2. [ Es 2
E —‘Es/cos q) 1- N tan @

mC2
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