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ABSTRACT

The energy loss of protons and deuterons in D,0 ice has been
measured over the energy range,E, = 18 = Sl keve The double
focusing magnetic spectrometer was used to measure the energy of the
particles after they had traversed a known thickness of the ice
targets One method of measurement is used to determine relative
values of the stopping cross section as a function of energy; another
method measures absolute values. The results are in very good agree-
ment with the values calculated from Bethe's semi-empirical formula,
Possible sources of error are considered and the accuracy of the
measurements is estimated to be + L.

The D(dp)H3 cross section has been measured by two methods,
For Ep = 200 = 500 kev the spectrometer was used to obtain the
momentum spectrum of the protons and tritons. From the yield and
stopping cross section the reaction cross section at 90° has been
obtained,

For Ep = 35 = 550 kev the proton yield from a thick target
was differentiated to obtain the cross section. Both thin and thick
target methods were used to measure the yield at each of ten angles.
The angular distribution is expressed in terms of a Legendre poly-
nomial expansion. The various sources of experimental error are
considered in detail, and the probable error of the cross section

measurements is estimated to be # 5%«
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I. INTRODUCTION

The study of nuclear reactions involving positively charged
bombarding particles of low energy is hindered by the reduction in
yield brought about by the coulomb potential barrier. Therefore in
work involving the light nuclei, a large current of bombarding particles
is desirable for bombarding energies below half a million volts., While
the electrostatic generator is an ideal source of monoenergetic parti=
cles, it can be operated stably over a voltage range of a factor of
only five or ten. Moreover the inflexibility of the focusing proper=
ties of the generator usually results in a decrease in the available
beam at the lower energies.

The 600 kev electrostatic generator of the Kellogg Radiation
Laboratory was designed to operate in the low energy region, and
emphasis was placed on obtaining a relatively large beam, Since the
generator has not been described previously, a section of Part II
will be devoted to a brief discussion of it, and an account of the ion
source development will be given.

Because of the fundamental nature of the nuclei involved, the
D=D reaction has long been of interest and has been studied extensive-
ly since the discovery by Lawrence, Lewis, and Livingston(l) in 1933
that two deuterons can react with the emission of long range protons
(2)5(3)02e(27), 1The results presented in work published before 1948
are summarized by A. P. French(za).

The primary object of the work to be described was the determination
of the absolute cross section and angular distribution of the reaction

Hz + Hz —_— Hl + 33 + L,032 llev(29) (1-1)

from 35 to 550 keve, The companion reaction
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He + H —> n + He  + 3,267 Mev(29) (1=2)

also was studied, although there is large uncertainty in the quantitative
resultse

In one experiment the charged reaction products from a heavy ice
target were detected with a heavy particle spectrometer set at a labora-
tory angle of 90,3° with respect to the beam, Since the D=D reaction
is very anisotropic, even at low energies, determination of the total
cross section requires a knowledge of the angular distribution. This
was measured in a separate experiment using a chamber in which the high
energy protons were detected with a proportional counter. Measurement of
total ylelds by this method provided another determination of the total
cross section,.

Since the value of the stopping cross section of deuterons in
heavy ice is the largest source of uncertainty in a determination of the
reaction cross section by the present method, an independent experiment
to determine this factor was performed, The stopping cross section was
determined from the measured yield of protons scattered into the spectro-
meter from the oxygen in the ice target.

The spectrometer and other apparatus used in the experiment are
described in Part II. Since a cross section experiment requires the ac-
curate knowledge of a large number of parameters, the calibration proce-
dures are described in some detail, In Part III the experiment to
determine the stopping cross section of protons in heavy ice is described,
and the results are discussed. The D=D cross section and angular distribu=
tion measurements are described in Part IV, and sources of error are
considered. In Part V deviations of the 016(pp)016 scattering cross

section from the Rutherford formula are calculated, and an effort is
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made to reconcile the present experimental values for the D(dp)H3 cross
section and angular distribution with a simple model of the interaction

0),(31
which has previously been applied to other experimental results(30): (3 ),
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II. APPARATUS
1l Electrostatic Generator

The 600 kev electrostatic generator (Fige. 1) is mounted vertically
in a cylindrical steel tank of length 9' and diameter 5'., The wall thick-
ness is 27/64", and the rated working pressure is 150 psi. A flanged
fitting 20 inches from the bottom permits removal of the upper section
by two winches., This makes the machine easily accessible for servicing,
In operation the tank is filled with air dried over KOHe A pressure of
85 psi suffices for operating voltages up to 600 kev.

The high voltage dome and ion source equipment are supported on
two identical columns. Each consists of 10 porcelain insulators 2-1/2
inches high and 10 inches in outside diameter (Lapp Insulator Company,
Inc., LeRoy, New York) separated by 1/8" stainless steel plates, which
support the spun steel electrodes making up the column lens system, The
porcelain to metal seal is made by vinylseal. Accurate alignment during
sealing was achieved by the use of a specially constructed mandrel, sur-
rounded by a furnace, which was heated to 150°C during sealing, At this
time the column was put under a large compressional force by means of a
torque wrench, Compression was maintained during cooling. The columns
are supported on 6" steel tubes welded to the bottom of the tank., These
are set 26" apart on a diameter of the tank,

To maintain a uniform potential gradient from the high voltage
dome to ground, a set of ten corona rings surrounds the columns. Between
the columns is a corresponding set of belt guards, Both sets are made
from 3/L4" tubular brass. The corona rings are about 39" in diameter. A
resistor column to give equal electrical spacing between corona rings may
be switched to give resistances per section of 150, 300, or L50 megohms,
A cylindrical high voltage electrode is used with another set of corona
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rings to maintain a uniform gradient in the upper section of the tank.
Twenty-three rings made of 1/2" aluminum tubing are supported on four 2%
lucite posts. The rings are separated by 800 megohm resistors, The cur-
rent drawn by this column is led out through a spring contact in the top
of the tank and used as a rough indication of the generator voltage, This
construction proved economical and has the advantage that addition of a
belt above the dome should be possible if larger beam currents from the
generator are required,

Control of the resistor column switching and of all the power
supplies in the dome is achieved by means of eight 1" lucite rods, which
lead from the bottom of the tank into the dome. The rods pass through
holes in plates connected electrically to the respective corona rings.

At the bottom of the tank the lucite rods connect to 3/16" steel rods
which lead through pressure fittings in the tank into the control room
below,

The high voltage electrode is made of sheet aluminum,rolled and
"welded" to form a cylinder. The ends are slightly rounded, and corona
rings similar to those described above are fitted to reduce the gradient
near the ends, The length of the dome is 38" and the diameter, 2", It
is supported by lugs which fit four sections of channel iron fastened to
a half inch steel plate on top of the columns. Also on this plate are the
roller mounting and the spray combs for removing charge from the belt, A
three inch brass tube leads from the beam tube to the other column, This
permits differential pumping of the gas from the ion source,

A second plate, located 15" above the first, is insulated from it by
lucite supports. This plate supports ion source and beam focusing supplies,
including a 1500 watt permanent magnet 115 v,60 cps,gensrator, driven by a
V=belt from the upper roller. The focusing system (Fig. 2) uses a probe,
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operated at 0 - 15 kev to extract ions from the source, and a focus
electrode variable up to 30 kev. Normally the probe and focus electrode
each draw sbout 300 pia.
Ion source supplies include a 5 volt, 100 ampere filament
transformer, a 400 volt, 200 ma D.C. anode supply, and a 3 ampere, 120

volt D.C. magnet supply. Normal operating powers are:

Filament 4O watts
Anode 15 watts
Magnet 25 watts

In addition, the palladium leak heaters (one for deuterium and one for
hydrogen) in the gas supply require about 30 watts.

The beam is extracted from the arc through a 028" hole in the
bottom plate. A 3/16" hole in the probe about 3 inches from the arc
limits the angular divergence of the beam and permits differential pumping
of the gas, Further baffling in the focus electrode is accomplished by
1/4" holes. With this arrangement the spray current required to maintain
the generator voltage at full beam was reduced by a factor of nearly two
below that required when baffling and differential pumping were not used.

The spray voltage, variable up to about LO kev, is fed by a cable
into the tank to a spray comb facing the belt slightly above the line of
tangency to the lower roller. Normal spray current is about 400 pa, but
the generator has been operated with currents as high as 1 ma,

The cotton belt is 31" wide. It is driven by the lower steel roller
and runs over the upper one, which is mounted on lucite so that it can be
used in a doubler arrangement employing two spray combs in the dome and a
second one near the lower roller to remove negative charge from the down=
ward moving side of the belt., Although doubler currents as high as 200 pa

have been obtained, the doubler is not used because generator stability is



greater without it.

Power is supplied to the lower roller through a universal joint
from a 5 H.P. 220,volt 3 phase,3500 rpm motor in a pressure housing bolted
directly onto the side of the tanke The roller itself is mounted on a
yoke which permits continuous adjustment of the tension in the belt. Spring
loaded shock absorbers on both ends of the roller mount prevent excessive
vibration. Belt tension is adjustable from outside the tank by studs con-
nected rigidly to the shock absorbers. The belt speed is about 76 feet
per second.

The main pumping system consists of two 8" diffusion pumps which
were built in the Institute shops following a design of the Westinghouse
Electric Company., One of these pumps is comnected to each column through
a 6" brass tube including a two way O-ring valve, where an ion gauge is
mounted. The operating pressure read on these gauges is 3 « 10"6 mm of
mercury on the differential pumping side and less than 1.5 ° 1('.1'6 mm on
the beam tube side. With the hydrogen off, the pressure is about 10'6 mm
on each side, The two diffusion pumps are backed by a single Cenco
Hypervac forepump. A pirani type pressure gauge turns off power to the
diffusion pumps and clcses a solenoid operated valve between forepump and
diffusion pumps in case of a large rise in pressure. A "bucket" switch
protects the diffusion pumps against water failure,

The precise energy of the beam is measured by means of a 90°
electrostatic analyzer preceded by a magnetic deflection of a few degrees
to eliminate undesired mass components. The analyzer has a plate
separation of 5/8" and a radius of curvature of about 30", About 12 kev
per plate is required to deflect the 600 kev beam. The high voltage is
led into the analyzer through spark plugs. Measurement is made with a

Leeds and Northrup Type K potentiometer and a precision resistor stack,
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which is kept in a thermostated box., The analyszer and generator are
regulated in a manner similar to that described by Fowler, Lauritsen,
and Lauritsen(Bz). It has been found that the current drawn from the
analyzer supply is from three to five times the beam current because of
ionization by the beam, Consequently, the analyzer voltage supply must
be well filtered to prevent an energy spread in the beam. The measured
snalyzer ripple is 0,005% at no load and 0,033% with an analyzer current
of 200 ua, and an analyzer voltage of 8 kev per plate.

The absolute voltage scale was obtained by calibration against
known resonances: F:'-9(1m.'r)016 at 340ek kev(33) gng L17(p‘r)308 at LLO
keve Linearity of the energy scale was checked by observation of the
scattered monatomic, diatomic, and triatomic beams at 172, 3Lk, and 516
kev, respectively. In this measurement the heavy particle spectrometer
field was held constant, and the aralyszer voltage was varied to obtain
the middle of the thick target step in each case. A carbon target was
used to reduce the danger of carbon surface contamination., The calibra=-
tion procedure established the energy scale to within a few tenths of a
percents No deviation from linearity was detected, although a 0,3% ef-
fect would have been observable. The energy spread of the beam is small,
Evidence will be given in Part II-3 to show that it is at most a few hun-
dred volts at 500 kev,

The generator operates stably over the voltage range from 60 to
600 keve The maximum operating voltage could probably be increased
somewhat by increasing the pressure in the tank and the voltage range of
the analyszer supply.

The effect of residual pressure in the vacuum system on the
operating currents of both the analyzer and the spray supply has been

demonstrated. In the accelerating column the current seems to be about
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twice the beam current under the best operating conditions. Furthermore,
the installation of a liquid air trap near, but not in, the analyzer
resulted in a considerable reduction of the analyzer current for a given
beam current. Presumably the installation of large cold traps would per-
mit the use of a larger beam,

Because of the relatively large current drawn by the ion source
focusing electrodes (Fig. 2), the power supplies are well filtered to
reduce the ripple to less than 100 volts, Difficulties encountered in
the design of an efficient ion gun are discussed by R. N. Halluh). Aside
from the ion source problem itself, problems arise in connection with
space charge and magnification by the electrostatic lens system. For ex-
ample, from Hall's graph on the behavior of an initially parallel beam in
a field free region, it can be shown that for the 1/32" diameter beam
entering the probe at 5 kev, I ¢p = 350 pa if the beam is to pass through
the 3/16" baffle 3 inches away. In this case Igep = I; +/2 I, +V/3 I
where Il’ 12, and 13 are the mass 1, mass 2, and mass 3 components, re-=
spectively, of the total current. Hence the useful current is less than
350 pa in this case.

A general relation between the angle of divergence, 00, of rays
from a source, the angle of convergence, 91, of rays to the image, the
magnification, m, and the potentials, §, and @, of the object and image

spaces, respectively, is
oy = 6, (Bo/#)Y/n (1)

A large restriction on the useful beam may occur in the use of a
precision analyzer. Let us assume that 1/8" slits restrict the beam at
both ends of an electrostatic analyzer. Neglecting the small focusing in

the analyzer, we find for a target 6' from the upper slit a maximum angle
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of convergence of 0,00178 radians. In order that the 1/32" source be
focused to a 1/8" spot, we must have m = 4, For ¢°=5 kevand¢1=100
kev, Oo = 0,03 radians, Therefore, less than one=fourth of the total beam
from the probe can be focused with these energies, In order that a large
part of the beam pass through the analyzer, the magnification must be kept
small, This requires that the focusing take place as far as possible from
the source, that is, at the lens formed by the column and the focus elec=-
trode. For this single lens system the focus voltage is proportional to
the generator voltage, and space charge limitations occur at low energies.
¥uch more beam can be obtained above the analyzer, at low generator voltage,
by an increase of the focus voltage to a high value, This weakens the
second gap,of which the focal length is proportional to the ratio of the
focus voltage to the gradient in the column, Focusing can now be ac—-
complished by a variation of the strength of the first focus gape How=-
ever, the large magnification in this case prevents much of the beam from
passing through the analyzer. The optimum probe and focus voltages are
complicated functions of the generator voltage. The fact that a linear
relation between voltages for optimum operation does not seem to hold
implies that the effects described above vary in importance as the genera-

tor voltage is varied,

2, Ion Source
An attempt was made to develop a hydrogen ion source of the P.I.G.
(Phillips ion gauge) type, operating continuously, for use in the electro=-
static generator, In this source an arc is maintained between two cathode
surfaces and a hollow cylindrical ancde. An axial magnetic field of about
1000 emu confines the motion of low energy (= LOO ev) electrons accelerat-
ed from the cathodes,to tight spirals around the field lines, causing them

to oscillate along the axis between the cathode surfaces many times before
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they are caught by the anode. In this way,the probability of an ionizing
collision with the gas in the arc chamber is greatly increased, and the
source will operate at relatively low pressures. The electron supply in
the arc is maintained beth by ionizing collisions and by secondary emis=
sion from positive ion bombardment of the cathode surfaces. The beam is
extracted by a probe through a small hole in the center of one cathode.

The initial design, using an arc chamber of length 1-1/L inches
with a stainless steel anode and aluminum cathodes, one of which contained
a 0,028" exit hole, gave a total hydrogen ion yield of about 25 na (analys-—
ed), containing 10 - 15% mass 1,for operating pressures between 15 and 100
microns, Mass 2 and mass 3 yields were very pressure dependent, mass 2
predominating at low pressures and mass 3 at high pressures. The charac-
teristics were in good agreement with those obtained by Lorrainos ), except
that in absolute value his pressures were lower by a factor of 5 or 10,
presumably because of the larger dimensions of his arc chamber.

Operating conditions were as follows:

Arc current 20 ma

Arc voltage 40O « 500 volts

Mag. field 1000 gauss

Pressure 15 - 100 n

Total beam 25 pa (analyzed to a 3/32" spot)
Hl fraction 10 - 15%

Lifetime indefinite

The source could be operated at a higher power level only with a
limitation on the lifetime, For example, in operation at 100 ma arc cur=
rent the lifetime was L hours, This limitation was due to the removal of
the oxide surface layer from the aluminum cathodes, A certain amount of

regeneration of the cathodes could be accomplished by the injection of air
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or oxygen into the source, but this procedure was on the whole unsatisfactory
because of the rapid rate of deterioration.

Operating conditions were as follows:

Arc current 100 ma

Arc voltage LOO = 500 volts
Mag field 1000 gauss
Pressure 20 - 100 p
Total beam 150 pa

H. fraction 10 - 15¢%
Lifetime L hours

Unless it is stated otherwise, beam measurements are made after a crude
magnetic separation,

It was found that the injection of small amounts of air or oxygen
increased the mass 1 ratio to as much as LO% with somewhat reduced total
beam output and very little mass o (air). Further increases in the ratio
could be made only at the expense oft:‘i:tensity of all hydrogen components,
including mass 1, and an increase in that of mass o,

The output of this source was roughly independent of the magnetic
field strength from 300 to 3000 gauss. Below 300 gauss operation ceased
abruptly, and just above this point operation was slightly unsteady,

To give a better idea of what goes on inside the source, a test
chamber was constructed as much as possible like the arc chamber in the
ion source, except that no lons were extracteds, A window was provided
for observations on the core of the arc. Water cooling was provided for
operation at higher power. An optical spectrometer was used to estimate
the relative concentrations of Hl and molecular hydrogen in the arc. As

is well known from the color of r.f. sources, the hydrogen arc consisting

largely of the mass 1 component has a deep red color due to the Hy Balmer
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line, The molecular spectrum covers the visible range but appears mostly
blue to the eye.

When the arc current was varied from a few milliamperes to 2
amperes, no important change in the color was observed. Magnetic fields
up to 5000 gauss seemed to make no difference. Sometimes for a short time
the arc would appear red. Since this did not appear to be related to the
operating conditions, it was assumed to be due to the liberation of a
small amount of air or water vapor somewhere in the system. Unfortunately,
there was no direct way of observing the yield of mass 1 which might have
been extracted under the above conditions.

In an effort to improve lifetime and mass 1 ratio, different cathodes
were tried. Beryllium gave about the same results as aluminum, The fact
that many metals did not work as cathodes for arc voltages below 600 volts
supports the argument that it is the oxide layer which is effective in the
production of low voltage arcs in the case of aluminum and beryllium
cathodes.

Especially low voltage operation (V =~ 100 v) was obtained by using
for the upper cathode a pad of platinum gauze saturated with an oxide
emission compound (Callite Tungsten Corporation, Type #56,Lot 1017L45) or
a plece of barium aluminate. The arc under these conditions has a negative
resistance characteristic over the usual operating range. For example,
with a cathode consisting of a gause pad saturated with emission coating,
at an anode current of 2 amps the voltage of the arc was only LO volts.
With such cathodes the arc could not be maintained at‘currenta below 100
ma without a large increase in arc voltage and a decrease in pressure,
Variations on the emission coating cathodes were tried. The compound,
which had initially been dissolved in acetone, was fuszed on the gauge. In

other attempts it was powdered and pressed into a button. In each case the



l)j=
solvent was driven out as much as possible first by gentle heating. The
best of these attempts improved the lifetime of the cathodes to only
about 20 hours, where operation ceased, apparently due to the formation of
carbon on the active surface. It was not determined whether this deposit
formed because of insufficient removal of the solvent from the emission
compound, or whether it came from nearby gaskets or from pump oil, Pre-
sumably more careful design of the ion source and installation of liquid
air traps could improve the lifetimes.

The use of such activated cathodes in the ion source of the
electrostatic generator produced mass 1 ratios of about 20% and mass 1
currents up to 30 pa. But the output was usually unsteady, probably due
to the formation on the cathode of hot spots which wandered about.

Operating conditions were as follows:

Arc current 200 ma
Arc voltage 80 volts
Mag field 1000 gauss
Pressure 20 - 50 p
Beam 150 pa
Mass 1 ratio 20%
Lifetime 20 hours

The output was found to be nearly independent of arc current above
150 ma, presumably because of the effects of space charge., In the test
chamber a corresponding effect was noticed in that the core of the arc,
about 3/32" in diameter for currents less than 200 ma, widened to about
twice this diameter at 2 amps. In order to steady the operation of the
arc, a filament cathode is now used in the generator ion source (Fig. 2).
The magnetic field near the filament is relatively small and has a radial

component which should help to focus the electrons into the arc chamber,
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The operation of this source should more properly be compared with that
of the capillary arc source,rather than that of the Finkelstein type
filament source(36). As in the present source, the capillary arc source
requires sufficient gas to establish an arc. The heated filament serves
the function of making secondary emission easier and perhaps free from
local hot spots. Since the presence of the magnetic field allows the
present source to operate at pressures 5 to 10 times lower than those
used in the capillary arc source, more efficient ion oxtfaction is pos=-
siblees The power put into the filament is relatively low, much lower
than would be required to extract an electron current (without gas) of
the order of magnitude of the arc current. In this respect the source
differs from the Finkelstein source, in which the filament furnishes
almost the entire anode current by thermionic emission,

The present source produces a relatively large beam, but a very
low proton fraction., It will operate with the filament turned off, but
the output is unsteady and the lifetime is then limited. An important
function of the heated cathode seems to be that it keeps itself clean.
At present the source lifetime is limited by erosion of the exit hole.
This is not regarded as a serious limitation, since repair is a relatively
simple operation,

Operating conditions are as follows:

Arc current 200 ma
Arc voltage 80 volts
Mag field 1000 gauss
Pressure 10 =50 p
Beam 150 pa
Mass 1 ratio 8¢

Lifetime 150 hours
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Further pursuit of a mass 1 ion source was suspended at this point
because the mass 2 and mass 3 components at high intensities were required
to investigate low energy reactions. The output from the source is pre-
dominantly mass 2 at low pressures and mass 3 at high pressures. Very
large mass 2 yields (over IOO)na) have been obtained, but the maximum
analyzed beams that have been obtained are 10, 70, and 60 pa for the mass
1, 2, and 3 components,respectively. This ion source seems to be fairly
efficient, requiring about 80 watts in operation. The metal ion source
inherently gives lower mass 1 ratios than glass or quarts sources because
of the high recombination rate of neutral hydrogen atoms on metal surfaces.
For operation at high energies the low monatomic ratio is a serious dis-
advantage.

A very impressive and even more efficient source was Hall's radio
frequency (450 mcps ) sourceuh), which produced a large beam with a good
monatomic ratio. This source was limited in lifetime by contamination
of the glass surface, and its lack of ruggedness has made it unsuited to
operation in the electrostatic generator.

The low frequency (20 mcps ) source of the Thoneman type(37) gives
a very large ( ~ 95%) monatomic ratio, and the large surface area seems
to eliminate the problem of wall contamination. The ion production ef=-

ficiency is less than that of the high frequency source.

3. Spectrometer
The features of the double focusing magnetic spectrometer have
been described by Snyder, Rubin, Fowler, and Lauritson(38). Judd has
worked out the focusing propertiesog) » and C. W. Li has given detailed
calculations for the 16" spectrometer used in comnection with the present

experinent(ho) =
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The large solid angle and nonastigmatic focus make the double
focusing spectrometer well suited to yield measurements, For relating
yield to cross section, however, an accurate knowledge of the spectro-
meter constant Ro/«. , where R, is the resolution due to the width of
the collecting slit at the detector,and n is the solid angle of the in-
strument, is necessary, A known solid angle was determined by a reamed
aperture of known diameter,at a known distance from the target., The
yields of particles scattered from a copper target obtained with two such
apertures of 0,125" and 0,375" diameter respectively, placed 12,7" from
the target, were in excellent agreement., The fluxmeter was removed for
this experiment,and the solid angles in these cases were small enough so
that no difficulties from obstructions in the vacuum chamber or from dis-
tortions near the edge of the field were expected. With the circular
aperture removed, the fluxmeter was inserted, and the entrance aperture
was trimmed to any desired size. The value of the solid angle relative to
the known value was then determined in each case from the relative counting
rate of scattered particles.

Juﬂdcsa) has derived an expression for the resolution of the
spectrometer., This depends essentially on geometrical considerations, but
in practice is complicated by the fringing field of the magnet. Li(lO)
has calculated the resolution of the 16" spectrometer and obtains a value,
P/AP = 231 for a 1/4" collecting slit, where A P is the momentum width
of the slit for particles with momentum near P, A direct measurement of
the resolution was made in the course of the present work, The collector
slit was replaced with twe slits of width,,0223" and ,0216", respectively,
separated by a center to center distance of 0,1994". With the spectrometer
field held constant, the generator voltage was varied to scatter protons

from a thin gold layer on the target surface into first one slit and then
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the other, The yield as a function of generator voltage is shown in
Fige 3. The momentum resolution corresponding to a 0,1994" slit is then
E/2AE, where E is the bombarding energy, and A E is the observed separation
of the front edges of the two peaks. The separation is about L kev at 500
kev bombarding energy. Measurement of this difference to a few percent
requires the elimination of effects which would result from spectrometer
drift and the buildup of a contamination layer on the gold. For this
reason,the generator voltage was changed back and forth to take only
enough points on each peak to locate the midpoint of the leading edge.
In this way, a complete set of readings could be taken several times a
minute. This was repeated without interruption five or ten times, The
value for the resolution of the 0,246" slit was found by this method to
be 235. This is in good agreement with the value obtained by Li. The
measured value was used throughout in all calculations.

This same experiment can be used to set an upper limit on the
energy spread of the beam, The half-width of the front edge of one of
the peaks is found to be about 420 voltse The ,022 inch collector slit
has a resolution of 2630,corresponding to a total energy spread of about
390 volts. The target spot used was of the order of 1/32" in diameter,
and the magnification of the instrument is about 0.8, Therefore, the
total energy spread due to the target spot size is about L4O volts, The
half-width of the cobserved spectrum could be obtained from a fold of the
rectangular spectrometer window, the circular target width, and perhaps a
gaussian spread in energy for the beam, The accuracy of the energies
given above does not warrant a calculation of this effect, but it is easily
seen that the spread in beam energy cannot be more than & few hundred volts.

Spectrometer resolutions for different slits can be compared by

observation of the relative yield of scattered particles. In all
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quantitative measurements to be discussed the resolution used was either
235 or 1650,

The scintillation counter used with the spectrometer consisted of
a 5819 photomultiplier with a thin ZnS(Ag) phosphor. While this gave a
very low background on account of the negligible sensitive volume, it was
found to be less than 100% efficient. The efficiency was found to be 0,9l
by comparison of the measured yield of scattered protons with that obtained
with a thin KI(T{ ) phosphor, which was assumed to be 100% efficient., Com=-
parison with results using a proportional counter to observe the 3 Mev
D-D protons indicates that the efficiency of the ZnS phosphor may be nearer
90 = 92% in this case. However a counting efficiency of 94% has been as-

sumed in all results based on measurements with the ZnS phosphor.

Lbe Current Integrator (Fig. L)

The total number of bombarding particles is obtained by integration
of the target current, A condenser in the grid circuit of a cathode
follower is charged to a predetermined voltage at which a Schmitt trigger
circuit fires & thyratron,which discharges a condenser through a relay
coile When the relay is closed, the integrating condenser is discharged,
and a pulse is sent to two stepping relays connected in series. These in
turn operate relays to stop the counters and energize a sclenoid controlled
beam chopper after n « 22" integrator cycles, where m= O or 1 and n =
1, 2, eses 9« Special features of the integrator include an isolating
cathode follower, which keeps the target potential from changing more
than 17,5 volts when the integrating condenser is charged to 100 volts,

A fast relay permits cycling rates up to one per second without dead=-

time correction. In calibration, point A is grounded, Ro is set so that
precision meter (1/2%), M, reads Vpax VOlts, and the trigger circuit is
adjusted to fire at this point, This adjustment has been checked frequently
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and has been found to vary negligibly with time. To obtain the integrator
B* : A
Ra Ry F A i . 5
—MA/ AMWT——> —  — -——-—> ¢t
TR D trigger
4 circuit
o .I_ 1
7 =T

constant, battery E, precision resistors, Ra and Rp» and a Type K
potentiometer were connected as shown. With point F grounded, the

battery voltage is measured. With condenser C shorted, M is found
to read V4. If, to & gocd approximation, the cathode followers are
linear amplifiers, it can be shown that

VT =V, /(R +R) a1 + v, /E) (11-2)
where Q is the charge flowing into C in an integrator cycle which lasts
a time, T. We letx=vm/Eandexpand1npmrs of x to obtain

=
T2Ele+===—4 ... +
Vr=Q+2-> )/(Rg + R,)
In the present case vm = 100 volts,

(1I1-3)
Vain
volts, so that the term in x° is negligible.

= 17.5 volts, and E = 300

This calibration of the integrator was checked by an even more
direct method, using a calibrated galvanometer with the beam itself as a
source of current,

Agreement was within 1%.
intervel also gave agreement within 1%.

A check after a two year
lations.

or 0.338)1 coul were used.

Values obtained by the first
method are considered the most accurate and have been used in all calcu-
In all gquantitative work, charges per cycle of either 10.8



w2l
5s Target Chambers and Detectors

In both target chambers a cylindrical negative guard ring deflected
away electrons accompanying the beam. The target itself was operated at
a positive potential to prevent secondary electrons from leaving it.

In the target chamber used with the spectrometer the target was
almost completely surrounded with a brass cylinder, 2,5" in diameter and
1.,5" high, This was maintained at liquid nitrogen temperature in order
to keep the target from being contaminated by residual vapors in the
vacuum system, The vacuum measured outside this cold cylinder varied
between L and 7 e 10'6 mn of Hge A proportional counter was mounted at
Opap = 150° to measure the total thick target yield of the D(dp)B> reaction,
Each of two counters used for this purpose had a 1/8" window covered with
a 0,002" mica foil, The distances from the target were 3-15/32" and
6-11/32", respectively. The calculated solid angles should be accurate to
within 2%, The yields measured with the two counters were in excellent
agreement. For the angular distribution measurements a 7" diameter
target chamber was constructed with windows 1/8" in dismeter every 10°
from O = 10° to 170° (Fig. 5)e The target holder was located at the
center of this chamber. A proportional counter, fixed in position opposite
the window at 70°, was used as a monitor. Another counter, mounted on an
arm which rotated around the center of the target chamber, could be moved
in front of any window from @, = 80° to 81ap = 170° The counter windows
were of mica, while those on the target chamber were of 0,001" aluminum
sealed with sealstix (Central Scientific Company, Chicago, Illinois). A
L" diffusion pump and a liquid nitrogen trap between the pump and the
target chamber produced an operating pressure of about 106 mm of Hg in the
target chamber. The windows in the angular distribution chamber were 1/8®

in diameter and 3-17/32" from the target. The relative window size at
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each of the ten angles, 80° to 170°, was checked with a ThC' source at
the target position., The average solid angle is known to 1% and the
relative solid angles with somewhat betier accuracy. Since the windows in
the proportional counters used were 3/16" in diameter, the windows in the
chamber itself determined the sclid angle., The expected loss of particles
due to scattering in the windows of the target chamber is shown to be
negligible by consideration of the worst case of single scattering. The
probability, P, of scattering with an impact parameter less than p is
given by

P= Tp° ot (11=L)

where nt is the number of particles per square centimeter in the thin
scattering foil. From the Rutherford formula,

p= (12,07 oot(0/2) | /22 (11-5)

where Z,e and Z,e are the charges of the incident and scattering nucleus,

2
respectively, E is the energy,and @ is the scattering angle in center

of mass coordinates. In the worst case, © is 9.1°, corresponding to a
particle which graszes the aperture in the target chamber and is scattered
away from the center. For 3 Mev protons passing through the 0,001" foil,
this gives P~ 1073, It is cbvious that the effect is negligible, even
for the 1 Mev protons from the 029(dp)ol” reaction.

The pulse height integral bias curve obtained with each proportional
counter indicated an efficiency of 100%, within statistical uncertainties
of the order of 1%.

The angular alignment of the target chamber with the beam is
important, The method of measuring the spectrometer angle, °L' has been

doscribod(hl) o For the present work &y = 90,3 + 0¢2 degrees. The
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angular distribution chamber was accurately machined in a dividing head,
and holes were drilled every 10 degrees from 0° to 180°% The chamber is
aligned with the beam by means of a 1/8" defining hole for the beam at
oL = 180° and a quartz window over the hole at ¢ = 0%

The target holder used with both chambers is shown in Fig. 5. A
copper target is soldered to the bottom of a liquid nitrogen trap.
Enough insulation is provided by the re-entrant construction to permit
operation for about 15 minutes without a refill of the trap.

The heavy water storage and transfer apparatus was made entirely
of metals, A valve, with a differential screw for fine control of the
vapor flow, could be opened to allow vapor to pass through a copper tube
to a nozzle about an inch from the target surface, Instead of a packing
gland, a sylphon wnslusad to make the vacuum seal around the valve stem.

The valve was closed by the contact of two solder surfaces,
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III. STOPPING CROSS SECTION OF PROTONS IN D,0 (ICE)

l, Fundamental Equations and Use of the Spectrometer
The relation of measured yileld to cross section must eventually

come through the fundamental equation defining cross section,

N(E150,) = (d07(E,50,)/d0 ) A Ny nAx (I11-1)

where u(zl,oc) is the number of particles produced at energy, E,, center

of mass angle, ©,, in solid angle, AN o* for Nj particles incident upon

a target of thickness,A x,with n disintegrable nuclei per cubic centimeter.
do/dfL is then the differential cross section per unit solid angle at
angle, Oc, and energy, E.l.'

If a thick target is used, the measured yield is an integral over
thin targets, and E for charged particles decreases as the beam penetrates
the target. The yield may then be expressed as

*1 do(81,00)/42

N ,0 = A_(L -
28 = 8.2 Hyn (@/a) ()

where E, is the minimum energy reached by the bombarding particles in the
target. Differentiating (III-2), we obtain

By dn ¢

where the value of the integrand at the lower limit has been neglected,

1 dEy
n dx

(I11-3)

since we will deal with charged bombarding particles, We now define

1 %i_}- = €, = stopping cross section (III=})
n

where €, depends on the target material and the energy and nature of the
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bombarding particle.
The use of the spectrometer

because the energy of the reaction

magnetic field of the spectrometer., The

measured yield is from a

layer of the target in which the
bombarding particle, slowed to
energy Eqq» produces a particle

at energy E which is slowed to

20’

energy E2 before leaving the target.

The observed yield is given by

introduces additional complications,
product detected is determined by the

e

A

E1o

N(E)»Es0,) = A Nyn Af; (de/dnr) (I11-5)
where A { 1 is determined by the conditions on A E,; that is,
32/2 AE, =R, (I11-6)
(III=5) may now be written
do~ 1 dEp
H(Elsgzaoo) = -d_.l-"_l: A_Q_c 32 nilzac o a'f'{ (I1I=7)
1 2
n df, \ = Corr (111-8)
From the figure above we may determine €, ¢pe
cos 01
1 cos 5;
E; =Exp+ 2 gy (II1-9)
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cosOl
- oo, 1 cosoz
dE; dEpp ©080) |dEp d 432)
atl; d21+ cosd, | dy Y dzl(ﬁy_ & CER=)
Er J O
' cosol
y= e
dEyq dE 1 co
.20 a0 0% |dE)| | dE e JRr——
2 y=9
Using the relation that dE,/dE,, = 52/ € gor We may Write
) | dEz l
Cezt = |1 g‘i'l = (€,/€,,) [610 (aBpo/dEy0) + €29 (cos@l/cosoz)]
(I11=12)

For cbservations on the surface of the target, 62 = €, and (III=-7)
reduces to the form given by Snyder, et al.(38)-

Npg, = U4TT(do/d0 ) 0 Eq/R, €

max eff * (111-23)

where q is in microcoulombs if each bombarding particle carries a single
charge, do/ dﬂe is in millibarns per steradian, E; is in electron volts,
and € off is in units of 10'15 ev cua.

2s Absolute Yield Method,

To determine 61320 over the proton energy range,200 = SLO kev,
protons were scattered from the O:|'6 in the ice target. The stopping cross
section is related to the scattering cross section by (IIT-l13). Theoreti-
cal evidence will be presented in Part V to show that deviations of
do/d 2 from the value given by the Rutherford formula are negligible., As
an experimental check on this, protons were scattered from a quartz target
for several bombarding energies. The target arrangement is shown in Fig. 6.

The observed spectra are shown in Fig, 7. At each energy, the spectrum of
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protons scattered from the oxygen is superimposed on the spectrum of
protons scattered from the silicon, The fluxmeter current (or voltage)
is inversely proportional to the momentum of the particles being analyszed.
In this case the stopping cross section is the same for protons scattered
from both 8128 and 016, aside from a small correction for the fact that

E, 1s slightly less for oté

because of the larger recoil energy of the
nucleus.

The Rutherford cross section is
doy/an, = r 2 2,%2,% (m c?/8,)% / 16 sink(e /2) (T11-14)

where r, = 2,82 ¢ 10"']“3 cm, Z, and Z, are the charge numbers of incident
and target nucleus, respectively, m, is the mass of the electron, ¢ =
3 ¢ 1010 cm/sec. , E, is the energy, da‘c’/dn_c is the scattering cross
section per unit solid angle, and °c is the angle of scattering, all in
center of mass coordinates. With correction for center of mass motion,

(IIT=1k) may be written in laboratory coordinates as follows:

dojfaa, = roz zlzz,‘,2 (mc,czlgl)2 1 +0%(1+3 cosd) (1= cosG):l /

16 sin® (8/2) (I11=15)

to order a2, where a is the ratio of the mass of the incident particle

to that of the target particle, From (III=13) and (III-15) we predict,
after making a few minor corrections, that ZNSi/NQ = (1.h/8)2 = 3,06,
where Ngi and N, are the number of counts obtained due to silicon and

oxygen scattering,respectively. Observed ratios are shown in Table III-1l.
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TABLE III=l
Scattering of Protons from Si0, (quartz)

51 2"31./50
361 kev 3.12
a3 2490
L65 3,04
516 3,07
sh2 3.29

Average 3,08
Theoretical 3,06

The deviations of the experimental ratios from the predicted ratio
are within experimental uncertainties. Hence,any large deviation of 0]'6
scattering from the Rutherford law would imply that S122 deviates in the
same waye

A typical spectrum of protons scattered from the oxygen in D20,
obtained with a solid angle of 0,00490 + 0,00005 steradians, is shown in
Fige 8. MNyax is obtained by extrapolat