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ABSTRACT

The important characteristics (the window thickness and energy linearity range)
of an RCA type A solid state charged particle detector were measured for protous, tritons,
and alpha particles. The window thickness varies from 150 Kev far protons to 1.00 Mev
for alpha particles. The maximum energy of the linearity range varies from 5 Mev for
protons to 20 Mev for alpha particles.

The RCA detector was then used to study the reaction products from bombarding
Be? with .500 to 1.35 Mev deuterons. The following reactions were studied in detail:

(1) the angular distribution of the alpha particle transition to the ground
(al) and first (az) excited state of Li7 in the reaction Beg(d,a)l..l7 . The ground state trans-
ition fits an analytical curve of the type: a + bcos@ + c c0392 , where 8 is the angle
of emission in the centre of mass coordinates of the reaction products. The ratio a:b:c
is approximately: (1): (-.7): (.5). Neglecting the minimum near 150 degrees in the a,
distribution, if fits a curve of the type a + bcos8 + ¢ cosza where a:b:c is approxi-
mately (1):(.4): (.15).

(i1) the angular distribution of the triton transition to the ground state of Be8
in the reaction Be’(d,t)Be8.

An indication of an alpha transition to a 5.64 ¥ .11 Mev excited state in
Li7 was found. No 1ndicati‘on of a 6.5 Mev level in Li/ was found.

Included as an appendix in this report, is a description of the recently installed

Corona Stabilizer. The Corona Stabilizer supplies the feedback control that stabllizes the

Van de Graaff accelerator energy at any set value.
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I. INTRODUCTION

The solid state detector is a relatively new tool for the charged-particle
spectroscopist, having been developed in the past ten years. McKay and McAfee (S1)
were one of the original discoverers of the properties that led to the semiconductor di-
odes usefulness in this field of study. Up until the past year most of the work in the
field of these semiconductor charged particle detectors has been channeled into the con-
struction and improvement of the devices. The symposium on Solid State Radiation De-
tectors, Cct. 3-5, 1960, sponsored by the IRE professional group on Nuclear Science is
a good example of the general pre-occupation on device characteristics. Now, however
several groups are reported to be using these devices in different applications, such as:

(i) nuclear reaction angular distribution measurements (Dearnaley, 61:

Amseal et al. 61).

(ii) electron detection (McKenzie and Ewan, 61).

(iii) fission product measurements (Joyner et al. 61).

(iv) fast neutron spectroscopy (Love and Murray, 61).

One of the purposes of this investigation was to test the solid state devices
adaptability to the study of nuclear reactions. The preliminary studies were done by
using the device to detect the scattered protons from a thin Nickel target. Further
studies of the devices characteristics were done with the reaction products of the bom-
barding of Be9 with deuterons.

The main purpose of this investigation was to study the reaction Be9(d,a)Li7 .

Up until now, no one had adequately resolved the alpha transitions.to the ground and



7 so that an angular distribution of these reactions could be

first excited state of Li
measured. The angular distributions have been measured here at several energies.
WOther groups (Gelinas and Hanna, 53), have resolved these two alpha transitions using
magnetic spectrometers, but their angular measurements were usually limited to one
position.

The alpha transitions to the other excited states in Li7 were studied iu less
detail, however a search was made for a state near 5.5 Mev. A level near this energy
has been predicted by Wildermuth et al (61).

The break-up of the excited Li7 nucleus into a triton and an alpha particle
was studied to determine whether the 6.5 Mev state in Li’ existed. Similar studies
have f)een done by Jung and Cuer (56). Wildermuth et al (61) have cast some doubt on
the existence of this excited state.

The angular distribution of the reaction Be9(d,t)Be8, was studied at three

different energies. The reaction Beg(d,p)BelO, Bel0 was not studied in any detail;

the peaks corresponding to these transitions were only noted.
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II. THE SOLID STATE DETECTOR:
A. Theory of Operation
1. Interaction of a Charged Particle in a Solid:

Charged particles lose kinetic energy rapidly through Interaction with the
electrons of solids. For non-relativistic particles the maximum energy that can be
transferred to an electron is approximately,

Emax & 4EmM, (h
where m is the electron mass and M; and E are the mass and energy of the heavy
particle. In a semi-conductor these collisions may lift electrons from the valence to the
conduction band but they may also lift electrons from deeper lying occupied bands.
This is fllustrated in Figure la. Electrons appear at various levels in normally full
bands. This condition persists for only about 10712 gec, , after which the excited
electrons drop to lower levels in the unoccupied band and the holes fill equivalent
positions in the valence bands as illustrated in Figure 1b. During this de-excitation
process, many more holes and electrons can be created. On the average this complex
process results in the creation of one hole-electron pair for each 3.5 ev of energy lost by
the incident heavy particle in Si (McKay and McAfee 51, 33). The final step in the
de-excitation is the recombination of the electrons and holes in Figure 1b. It is imp-
ortaunt in semiconductor radiation detectors that the time for the last step not be too short.

A low value for the energy "e' required to form a hole-electron pair is ad-
vantageous in a counting device because the larger the number of electron-hole pairs

produced per unit energy of the incident particle leads to a reduction in the statistical



fluctuations of the number of pairs produced. Silicon with an "e" of 3.5 ev per elec-
tron-hole pair offers a substantial gain in this respect over an air ionization chamber,
in which the value of "e" Is of the order of 30 ev per ion pair.

The energy gap between the valence and conduction band in Silicon is 1.1 ev.
Shookley (60) has recently proposed a theory to explain why it takes 3.5 ev rather than
1.1 ev to produce an electron-hole pair in Silicon. He calculates "e' using constants
determined from data on the quantum field for Photons (Vavilov, 59) in the visible and
near ultraviolet (Chynoweth, 57). He obtains a value in good agreement with the measured
3.5 ev. The extra energy is wasted through strong coupling of electrons to lattice vib-
rations of the solid.

Experimentally no significant differences have been found in the value of "e"
for a wide variety of particles and energies, although there must be a limit in which this
is not the case. As a heavy primary particle slows down, it eventually comes to an energy
below which the probability of producing pairs becomes very low and the principal inter-
actions are Rutherford or hard-sphere collisions with the nuclei of the solids. Seitz
(49) suggests that this energy is roughly

M1
Eiggl-m— (2)

where 1 is the lowest excitation energy of the electronic system, the band energy gap
in the case of a semiconductor. For alpha particles on Silicon, E,; is about 1 Kev.
This energy is less than the best resolution yet obtained with solld state detectors.,

2. Hole -Electron Pair Motion;

The holes and electrons created by a primary charged particle in a solid are
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Particle,
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analogous to the positive lons and electrons produced in a gas ionization chamber.
The carriers drift in an electric field and give rise to an external current. The integral
of the current, the collected charge, can be used as a measure of the energy deposited
in the counter by the primary particle.

Figure 2. illustrates the situation for either a solid state detector or a gas
ionization chamber in parallel plate geometry. In the electric field the electrons move
toward the left and the ions or holes toward the right. The contribution of each arrier
to the total current has been derived by Brbwu (61). The current caused by one carrier

is given by (assuming parallel plate configuration)

quV

i=—;z— (3)

where q is the electronic charge, u the carriers mobility, V the voltage across the device
and x in the spacing between the plates. The total current is the sum of contributions
of this kind for all the charged carriers. For Silicon at rooni temperature the electron
mobility uy is 1200 cm? /volt-sec. and the hole mobility up is 500 cm? /volt-sec.

The rise-time of the pulse in a solid state device is the trausit time for a
carrier across the device.
(4)
where v s the carrier drift velocity under the electric field E. The transit time will be
approximately 10~7 sec. for the mobilities in silicon, field strengths of 103 volts /cm
and transit distances of 1 mm. This is a great deal faster than the rise-time in gas
iounization chambers of comparable stopping power, principally because of the relatively

small transit distance required in the solid state detector. Unfortunately, the mobility
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is not a constant for high electric fields; there is an upper limit to the rise-time.
Figure 3. is the work of Prior (60) and shows this effect. The vertical scale in the figure
is proportional to the drift velocity of electrons. The linear increase in velocity with
electric field ceases at fields above 103 volts /cm and the maximum electron velocity
at 103 volts /cm has been obtained by increasing the electric field by a factor of 100.

Trapping of holes and electrons can alter this simple picture considerably.
There are structural imperfections and chemical impurities in solids which have significant
capture cross-section for the drifting electron. These trapping centres do not nec-
essarlly destroy the electron by returning it to the valence band but they interrupt its
countribution to the current. The electron may be released and trapped several times
before it reaches the edge of the field. The current contribution by this electron will
be a group of spikes of random length and at random intervals whose sum is equal to the
contribution of one electronic charge. In many cases the release time from the trap is
much longer than a microsecond and the rise time of a pulse at the amplifier may be
unusually slow. The release time of these traps Is a strong function of the temper-
ature. (Shulman and Wylunda, 56). A trap at low temperatures (130 degrees K) becomes
a recombination centre at room temperature.

The carrier transit may be affected by recombination as well as wapping.
A recombination may occur at a trapping ceantre if carriers of opposite signs are trapped.
In the hole-electron track of a charged particle, as the electrons : drift one way and the

holes the other, the two particle clouds will be moving through one another until they

are spatially separated. If during this time a recombination centre Is exposed to both



holes and electrons it can carry out the two-step process which results in the removal

of one hole and one electron from the flow. The recombination time, commonly called
the lifetime, involves the capture cross-sections for electrons and for holes and the den-
sities of recombination centres. For particle detection the electron and the hole must
complete the transit of the field without interruption. This sets a practical limit on the
dxi-ménsion x. The average time an electron remains free before being trapped by centres

with a density N and capture cross-section d, is:
I
th = N, (5)

where v, is the thermal velocity of the electrons. For electron transit without significant
trapping we require that T;<<t, . A completely analogous situation exlists for holes.

Since ty can be as large as 100 usec. when appropriate care has been taken
to reduce the N, in the crystal, and considering the maximum drift velocity of 107 cm/sec.,
it should be possible to get transit without appreciable trapping across a distance of
103 cm. However, experimentally a realistic counter thickness is found to be of the order
of 1 to 10 mm across the charge-depleted region. As mentioned, the density of trapping
centres can be reduced to a point where t; is 100 usec, but according to Brown (61)
there are other considerations which limit t, to a value of 10”7 to 10" sec. In the p-n
junction device where the carrier lifetime can be long there are other considerations which
limit "x" to the same range. These considerations are discussed in the next section.

3. Production of High Fields in Semiconductors:

The uniform field, parallel plate geometry can easily be achieved in a semi-

conductor counter, but the need for a high DC electric field demands special attention
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to the DC current. The magnitude of the current resulting from hole-electron pairs
produced by a charged particle is in the order of 1076 amps. For a good device this
current should be very large compared with the noise fluctuations in the DC current
of the device. Obviously a high resistivity is required before any solid state device

2

could be of any use. As an example; a device 5 mm”“ in area and 1 mm thick made

of 1000 ohm-cm silicon, will have a resistance of about 500 ohms. At a field of

108

volts /cm it would carry a current of .2 amps and develop 20 watts. Such a resis-
tivity is unot nearly high enough. A resistivity of 1010 ohnmi-cm, for the same sized
device would give a noise current of about 0.02 microamps; a more useful level of noise.
Ways in which the resistivity of the material may be increased are discussed by Brown
(61), and will not be discussed here.

There is a second way of échieving a high electric fleld in a semiconductor
without having to use high resistivity material. This is through the use of a reverse bi-
ased p-n junction. A discussion of the principles of operation of this device will be
alded by referring to Figure 4. This is a junction formed by diffusing donor impurities
to a shallow depth into the surface of originally high purity p-type material. In the
RCA solid state counter, as used in these experiments, the p~-type material is silicon
and the shallow layer at the surface is phosphorous. In this configuration a charge-
depleted region is formed between the p-type and a-type material. This region contains
an equal number of positive donors and negative acceptors. Since the density of the

acceptors is relatively low the charyge-depleted region is much wider on the p-type

side than on the n-type side.  The potential difference between the two sides may be



0.5 volts and the region may be 1073 cm wide .

The electric field in the charge-depleted region may be reduced consider~
ably by the cloud of holes and electrons produced by the passage of a charged particle.
For a 1 Mev proton, in Silicon, the density of this cloud will be about 1018 pairs /cm3.
The electric field in the region of this plasma will be much less than in the rest of the
depletion region. Therefore only the carrlers‘ on the surface of the plasma will be affec-
ted by the electric field. This plasma effect should increase the collection time beyond
the simple transit time of a single charge in the field. An indicatien of an increase in
collection time which may be attributed to this effect has been observed in fission
fragment counting (Miller et al, 60).

The charge depleted width x may be increased with reverse bias. In the type

of junction shown, the magnitude of Xp orx is given by:

x=, /WV+\,)/2qN; (6)
where Xp and x,, are the widths of the charge-depleted region in the p-type and n-type
material. V,, is the potential barrier at zero bias volts V and N; is the concentration
of ionized impurity centres in the region considered, and k is the dielectric constant
for the p-type material. In a diffused junction, Xp Xy = (dn/dp)% may typically have
a value of 103, where d and dp are the conductivities of the n and p-type regions.
Thus the major portion of the depletion region exists beyond the junction into the bulk
of the p-type silicon, and only a small region exlsts in front of the junction approaching
the surface. The charge-depleted region does not extend right to the surface of the

n-type region, leaving a particle inseunsitive window. Sluce the resistivity of the material

is ]

= 7
g (nqun + pqup) L
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where n and p are the concentrations of electrons and holes, the width of the depletion
region or sensitive depth of the device is proportional to (up\/)% . From this it can be
seen that the combination of high resistivity and high applied voltage is required to
utilize detectors that respond linearly to highly penetrating particles. I The maximum
applied voltage that can be used is governed by the reverse current noise level of the
device. This level increases with increasing applied bias voltage.

The electric field in the charge-depleted region is not a constant. It is zero
at the edges of the region and a maximum at the inner edge of the donor concentration,
as shown in Figure 5a. The maximum field Is given very approximately by:

Emax S~/ 8aNiV/k (8)
A representative value of Emax is 104 volts /cm. When a charged particle is incident
on the face of the device the resulting holes and electrons will be swept out of the
charge-depleted region by this field. The current due to the motion of one carrier is

(Brown 61),

. qvE
| = d - (9)
\
where E is the local electric at the position of the carrier. The total current is the sum
of the contributions of this kind from all of the carriers produced by the charged particle.
The shape of the current pulse in time, assuming constant mobility, is
. 2 —(2 \/
|=[upqu/V]e( UpEmX) (10)
for carriers created at the position of the maximum field Ey;. This current pulse is

shown in the second half of Figure 5b.

Hole-electron pairs created outside the charge-depleted region do not contri-
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bute to the current immediately. This will occur every time a particle passes through
the thin dead window in front of the charge-depleted region and every time a particle
passesvright through the region without losing all of its energy. These free holes and
electrons will diffuse about in the field free region and may come to the edge of the
charge -depleted reglon where one or the other type (depending on whether the region
is in front of the active area or behind it) of carrier will be swept across. This second
contribution to the current pulse caused by an incident charged particle, will occur
much later after the main contribution from the active region, and will be much broader
in time, (see Figure 6). Cariers in the field free region diffuse a distance given by:
L=,/Dt (1)

in a time t, where D=ukT/q is the diffusion coefficient. The possibility of ever observ-
ing a carrier created outside the charge -depléted region depends upon the lifetime in the
material, since the lifetime process is working to destroy the carriefs that have been
produced. In silicon D is 10 to 30 cm2/sec so that in 10~7 sec. carriers will diffuse
approximately lO-3 cm. Collection through diffusion is slow if it is to be used over
significant distances, and because it requires long lifetimes for good collection efficiency,
it is not a very useful way of extending the seusitive region of a junction particle det-
ector.

The thickness of the charge-depleted region limits the energy range of the
solid state device, but the "window thickness™ of the surface layer may limit the line-
arity of the output pulse vs incident charged particle energy relationship. Because of the

variation of the dE /dx for charged particles with energy, the dead window will cause low
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energy particles to lose more energy In passing through it than higher energy particles.
This effect 1&. shown in Figure 7. Figure 8 shows the possible effect on an RCA device
with different dead window thicknesses.

The surface barrier detector (Dearnaley, 61) which works under the same
principles as the diffused junction detector has the advantage that its dead window thick-
ness is zero. Unfortunately, at the present level of development, its charge-depleted
region is considerably thinner than a diffused junction reglon using the same resis-
tivity silicon.

4. Noise in the Devices.

All junction devices have leakage currents under reverse bias that arise

from several sources:

1. diffusion
2. space charge generation (Sah et al. 57)
3. surface effects. (Kingston, 56: Garrett et al. 56)

The first is a current due to the small equilibrium density of electrous in the
p-type material. The electrons can diffuse to the charge-depleted region edge and contri-
bute current. This is the normal reverse current found in all solid state diodes, and
is of little importance in silicon devices at reasonably low bias voltages (50 volts a
less for the old RCA type A and 75 volts for the new),

The second current is due to recombination centres in the charge-depleted
reglon. Here the centres generate holes and =lectrons in succession at a rate depending

upon the cross-sections and density of such centres and their location in the energy band



-13 -

gap. The rate depends roughly upon inverse lifetime. This contribution can be very
significant and it has a dependence on the junction bias because the number of centres
inside the charge-depleted region increases with x.

The third current coutribution is the most serious in most devices and is sub-
ject to change, as the surface chemistry at the edge of the junction changes with tiime and
enviroument. It is, of course, not the current magnitude that matters but the fluctuations
in the current, and it seems that the surface generated currents often contain much more
than shot noise. The origin of the surface current is still open to some question, al-
though a number of features seem explicable on models of junction leakage such as pro-
posed by Kingston (34).

S. Variation of Signal Pulse with Reverse Bias.

If a voltage sensitive pre-amiplifier is used in conjunction with the solid
state devicetthe overall resolution of the systeimn will be decreased, because of the effect
the reverse bias has on the ouput voltage signal of the device. The signal pulse from

the device, is:

Vs= g— (l)

where Q is the charge collected from the passage of a charged particle of energy E through

the device. For Silicon:

g (E-Ew)l6107"

35

where E is the energy the particle loses in passing through the dead window of the
w

(2)

device. C is the total output capacitance to the pre-amplifier. It includes the device

capacitance C and all the stray capacitances Cs' Normally Cd is much larger than

d L
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CS , so for simplicity assume that C= Cd' From the parallel configuration of the charge-

depleted region of the counter:

kA
3
41X (3)

where A is the counter area, x is the charge-depleted region thickness and k is the di-

Cg=

electric constant of silicon (13.32-107'° forads/mefer)

From (1) and (3): Vs a X

But: X € ./ VotV
Therefore: Vs a ./ Vo + Vo

To avoid this situation, a charge sensitive pre-amplifier can be used. Then the output
pulse from the pre-amplifier will be proportional to the total charge Q. Q is a slowly
varying function of the bias voltage as the energy loss E W in the device window changes
with bias. However this effect is small compared to the change of VS'wlth respect

to the reverse bias.

B. Characteristics of Solid State Devices.

Before using these devices for the detection of charged particles in an exper-
ment, several of their properties must be known. The more important ones are:

(1) the linearity of the output pulse vs the incident energy of the particle.

(ii) the range of particle energy over which the linearity holds.

(iii)  the dead. layer thickness. This determines the amount of energy an
incident particle loses before it reaches the active region of the device.

(iv) the capatity of the device (the parallel plate configuration of the
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charge -depleted region).

(v) the effective lifetime of the counter when it is subject to the radiation
damage caused by any particle impinging on its surface.

For all experiments an RCA type A charged particle detector was used. A
scale drawing of it and its mounting (as supplied by RCA) is shown in Figure 9. Figure
10a shows a plot of pulse height vs .incident proton energy for one of these devices. The
élight increase in the slope for the lower device bias voltages shows the effect of the change
in the device capacitance. The increasing energy intercept with decreasing bias is caused
by the increasing window thickness. The slopes and intercepts were calculated by the
usual least squares method. The protous were obtained by scattering a beam on a thin
Nickel film. A typical scattering spectrum is shown in Figure 12.

Figure 10b shows the range of linearity for protons. The high energy protons
were obtained from the reactions 13e9(d,p)Be10 (Q=4.59 Mev) and Be9(d,p)Be10' (Q=
1.22 Mev). The proton peaks are identified in Figure 18 of Section IV-A. Estimating
the dE /dx of the protouns in silicon from Whaling (58), gives the thickness of the charge-
depleted region as .16 mm at 60 volts reverse bias. This compares favourably with
.115 mm at 40 volts bias, as calculated from the know pulse height and capacitance
relationships shown in equatious (1) and (3) of section II-A-5. These results were ob-
tained using a different device than that used to look at the Be9 reactions. Figure 13
shows the variation of the thickness of the charge-depleted region and of the capacitance
with reverse bias, and also shows the thickness and capacitance values for the device

used in the Be’ reactions. For the calculations the stray capacitance of the wiring
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outside the device was assumed to be 5 pf. These measurements were done using a vol-
tage sensitive pre-amplifier. Enumerated below are the counter characteristics for alphas,

protons and tritons.
Counter Characteristics:

Proton Triton Alpha
Reverse Bias (volts) 60 10 60 10 60 10
Window loss (Mev) .200 450 - .500 .750 850
Maximum of Linearity
Range (Mev) 4.60  2.60 - 4.00 - 8.00

These values will vary about 10% for different devices. The pulse-height vs incident energy
curves for alphas and tritons is essentially the same as that for protons; the only differ-
ence being that caused by the fact that the dE/dx for alphas and tritons is larger, hence
making the window thicker and the linearity range larger for the alphas and tritons.

Radiation damage is the limiting factor for the useful lifetime of a solid state
device. According to Babcock, (61) the reverse current of the device increases about five-
fold during an exposure to 1013 neutrons per cm?2, At this level of integrated neutron flux
the device capacitance was found to increase by about 25%. A 1000 hour room temperature
anneal restores about 50% of the change caused by this total irradiation. A neutron flux of
7X105 per cm2 per sec.was found to increase the counter noise by a factor of two while
it was being used, as illustrated in Figure 11. The largest integrated flux of charged par-
ticles and neutrons reached by one device in this lab was 1010per cm2 . This caused no
measurable change in the proporties of the device.

Because of electronic considerations, the maximum counting rate allowable was
about 105 counts /second. This corresponds to approximately 2x106part1c1es per sec per
cm?. To reach a total integrated flux of 1013partic1es per cm? means approximately 1400

hours of continuous running.
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IiI. EXPERIMENTAL APPARATUS:

A schematic diagram of the experimental set-up is shown in Figure 14,
and the target chamber in more detail in Figure 15.

The target chamber was designed so that the Solid State counter, mounted
inside on a rotatable shaft, would subtend a small angle without making the overall
chamber size too cumbersome. The RCA type A counter, used in the experiments,
has a 5 mm2 window area. This window has an angular width of 1.1 degrees and sub-
tends a solid angle of 1.3 steradians at 6 cmn from the target. The energy variation of
a charged particle L:as a function of angle due to kinematical effects {s much less than
1% (the approximate resolution of the counter) in the chosen geometrical arrangement.
The general target and detector geometry is shown in Figure 16. The counter was
mounted to a lucite holder with an epoxy resin (R-313), and was shielded with a copper
strip which allowed particles, to euter tt;e device window ounly when they came from the
target areas. The counter holder is small enough to allow the beam to hit the target
while the counter is sitting at a backward angle of 165 degrees. The central post has
a vacuum seal that allows the counter to be rotated 360 degrees. The necessary
electrical lead goes through one of the covar seals in the central post of the counter=
mount assembly, and connects to an amphenol plug at the other end of the mount.

The counter bias supply and the pre-amplifier are mounted directly on the
target chamber. The bias supply is a battery and potential divider, to vary the bias
voltages. The pre-amplifier is a charge-sensitive type similar to that built by Higin-

botham (61). The pulses from the pre-amplifier were fed directly to the main amplifier
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of the Nuclear Data 256 Channel Pulse-~height analyzer, which was used to record all
the reaction spectra. A dlagram of the bias supply and the pre-amplifier is shown in
Figure 17. Section II-B gives a detailed description of the solid state counters used in
these experiments.
TARGETS:

The Nickel targets, used for the proton scattering experiments to measure the
solid state device characteristics, were obtained from Chromium Corporation of America.

The Beryllium targets were made by the evaporation of Be metal on a formvar
filin backing. All evaporations were done in vacuums of 10°> mm Hg or less. The
Berylllum was evaporated onto the Formvar until the white-hot Tantalum boat, contain-
ing the melted Beryllium was no longer visible through the film. Stopping the evapor-
ation at this point gave a layer of Beryllium approximately 5000 A thick. Attempts
were made to remove the formvar backing from the Beryllium by bathing the target in an
atmosphere of Trichlorethylene. ﬁowever, all attempts at removal were unsuccessful,

so the Carbon contamination from the formvar had to be taken into consideration.
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IV RESULTS:

A. Introduction:

The following reactions from Be9 were observed and studied:

(1.) Be9(d,a)Li7: The angular distributions of the alpha decay to the
ground state and first excited state of L17 were studied in detail at deuteron energies
of .5 to 1.35 Mev, and the angular distribution of the alpha decay to the 4.5 Mev ex-
cited state of L1’ was measured at a deuteron energy of .500 Mev. This 4.63 Mev state
was flrst discovered by Gove and Harvey (51), and also noted soon after by Gelinas et
al. (51) and Ashmore and Raffle (52). An alpha group to an excited state at approxi-
mately 5.5 Mev in L17 was looked for at deuteron energies from .5 to 1.00 Mev.

(2.) Beg(d,t)BeS: the angular distribution of the triton decay to the ground
state of Be8 was studied at deuteron energles of .5 to 1.35 Mev.

(3.)  Be(d,a)li’ , (Oa:

Be9(d,t)Be8' , (@)a:  the wide coutinuum of charged particles from

7 and Be8 nuclei was noted and

these reactions due to the short lifetime of the Li
compared with the findings of Gelinas and Hanna (53) and Jung and Cder (36).

“4.) Be9(d,p)BelO: the peaks corresponding to the proton to the
ground state and first excited state of Belo were noted. Several reactions from target
impurities were noted:

W  clZ,pct?, ¥ (tv) 010 (d,a) N14, N1#'

) cldd,a) gll’ pll" ) 0l ,po’’, o7

ay i3, ct?
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Typlcal spectra of the reaction products, as detected by the charged part-
icle detector are shown in Figures 18, 20, 21 and 22,

Figure 18 shows the complete spectrum of reaction products above the scat-
tered deuterons at an angle of 160 degrees with respect to the incident deuteron beam of
.500 Mev energy. As an aid to ldentifying the peaks with their corresponding uanéi-
tions refer to Figure 19, where all the transition, except one, found in this spectrum are
marked. Starting from the high energy side of the spectrum:

As is the proton to the ground state of Belo in the reaction Be9(d,p)Be10.

B: is the alpha particle to the ground state of Li7 in the reaction
9
Be (d,a)Li”.
C: is the alpha particle to the first excited state of L17.
D is the triton to the ground state of Be8 in the reaction Beg(d,t)Be8 .
. ; 13 12 13
E: is the proton to the ground state of C** in the reaction C“(d,p)C"".

(This transition is not shown in Figure 19).

Fe is the highest possible energy of the alpha particles from the second-
ary emission of alphas from the excited states in Be8 and Li7. In Appendix I, an
analysis is done on the possible energy range of these particles.

I is the highest energy of the tritons from the secondary emission of the
excited states in Li’.

G: is the proton to the first excited state in Be10

H: is the alpha particle to the second excited state in L17.

Because of the different energy losses for alphas, tritons etc., in the device

window, the chanuel numbers on this and subsequent spectra do not correspond to the



FIGURE 20:

.G HIGH ENERGY EMISSION PRODUCTS

Byt 1.35 Mev at 160 degrees

E G
p

D !

)

|

20 40 GIO
CHANNEL  NO.

20 140

i |
» U \ /l\,,fl \L// | \-\_

160

200




same energy calibration for the different particles. Each particle has its own calibration
as shown by the different scales in Figure 18. The arrows on Figure 18 correspond to
the positions where the peaks would occur if the solid state device had no: window.

All energy vs channel calijbrations were made using the fact that the reaction
product energies change with the angle of emission. For an incident deuteron energy of
1 Mev, the energy of the alpha particle to the ground state of Li7 is 4.02 Mev at an emis-
sion angle of 165 degrees with respect to the beam direction and 6.11 Mev at 30 degress
with respect to the beam direction. The energy variation for tritons, deuterons, and
protons is not as much, but it is still sufficient to obtain a reasonable calibration curve
that enables other energies to be measured with 5% accuracy.

Figures 20, 21 and 22 show the effect of the emission angle on the high
energy eund of the reaction product spectrum. The bombarding deuteron energy is 1.35
Mev. Fligure 20 shows the emission products at 160 degrees and Figure 21 at 120 degrees.
Several reaction and kinematical effects can easily be seen in Flgures 20 and 21. They
are:

(i) the energies of the alpha particles to the ground and first excited
state of L17 change fnuch more rapidly with the angle than does the energy of the proton
to the ground state of Belo and the energy of the triton to the ground state of BeB. This
effect can be noted by the relative change in position of the peaks in Figures 20 and 21.

(i1) the reaction cross-section changes as a function of the angle as can
be seen by the change in the peak heights between figures. The integrated beam of

deuterons is the same for all these spectra (40 microcoul.)
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The highest energy proton peak (A) in Figure 21 shows a distinct broaden-
ing and assymetric effect from that in Figure 20. At 120 degrees, these protons have
enought energy to pass right through the charge -depleted region of the solid state device
at a reverse bias of 60 volts. The straggling effect on the peak is caused by the non-
uniformity of the charge-depleted region thickness. In order to further study the reaction
spectrum at lower angles this broad proton peak had to be shifted from the interesting
part of the spectrum. This was done by decreasing the reverse bias of the device# by
a factor of 4; hence decreasing the charge-depleted region thickness‘by approximately a
factor.2. This thickness still stops a high energy alpha or triton, but the proton now
loses only about half of its energy in the charge-depleted region: hence the peak (A)
corresponding to protons from Be9(d, p)Be10 is shifted far to. the left in the spectrum as
shown in Figure 22, With a revérse bias of 15 .volts, the chgrg;-idepleted region is still

thick enough to stop approximately 10 Mev alpha particles.

B. The Beg(d,a)Li7 Reaction:

The angular distributions of the alpha particle transition to the ground (al)
and first (a2) excited state of L17 were measured at deuteron energies of .500, .750,
1.00, 1.16, and 1.35 Mev, using two targets of Be:9 on Formvar. These distributions
are shown in Flgures 23, 24, 25, 26 and 27. The distributions at .500, .750 and 1.00
Mev were taken with the same target.

As can be seen from Figure 16, reaction products from 90 to 165 degrees were

measured from the beam entrance side of the target, and products from 90 to 15 degrees
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were measured from the beam exit side of the target. To change the counter from a
position of 95 degrees with respect to the beam direction to 80 degrees, required a rather
long angular movement. This movement could easily have caused the whole target
chamber to be moved lightly, thus moving the position where the beam would hit the
target. Since the target does not have a uniform thickness of Beg, the reaction yield
could easily change. This effect was thought to have caused the small peak near 90
degrees in the distribution of a2 at energles of .500, 1.16 and 1.35 Mev, So further
measurements were made at 1.16 and 1.35 Mev, making sure the chamber did not move
and using a target of more uniform thickness. These distributions are shown in Figures
28 and 29. The small peak at 90 degrees in the al2 distribution still remains after these
precautions, but the distributions of a; shows a minimum near 60 degrees 1ﬁdicating that
the target may have shifted for the previous measurements.

The absolute cross-section for these reactions cannot be accurately determined
with these results because of the uncertainty of the target thickness measurements.
However the cross-section for the reaction is estimated to be between one and five mb/
steradian.

Figure 30a shows the fraction of the alphas from Beg(d,a)Li7, Li’ , which go to
the first excited state at an emission angle of 90 degrees in the lab coordinates. These
results are in good agreement with those reported by Gelinas and Hanna (53).

The angular distribution of the alpha particles to the second (a3) excited state
in Li7 was measured for a deuteron energy of .500 Mev. This distribution is shown in

Figure 30b. The larger absolute errors in these measurements occur because the alpha
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spectrum was super-imposed on the continuum of secondary emission particles. The
wlidth of the second excited state was measured from the width of the alpha peak in the
spectrum and was found to be 130 ¥ 30 Kev, as compared with the value of 93 * 8

Kev obtained by Browne (57).

Wy

An alpha transition to a level around 5.5 Mev was looked for at several
energies (.500 to 1.35 Mev) and several angles. Because the target was not pure Be9
as shown from the elastically scattered proton spectrum (Figure 35), no peak can be
positively identified as the looked-for transition. However, by subtracting a spectrum
of reaction products of the target backing from a spectrum of reaction products of Be9
plus target backing a fairly rellable spectrum of reaction products from only Be9 can
be produced. Figure 31 is the spectrum from Be9 plus target backing and the spectrum
from the target backing at an angle of 60 degrees and a deuteron energy of 1.00 Mev.
Figure 32 shows the subtraction of the two spectra. The peak marked by "U" corresponds
to that of 1.76 Mev alpha particle. This corresponds to an excited state of 5.64 ¥ .11
Mev in the Li 7 nucleus. Other indications of thisA transition showed up at forward
angles of 50 to 75 degrees and at energies of .700 to 1.00 Mev,

No positive indication of a transition to a level near 6.5 Mev in Li7 was found.
A peak corresponding to an alpha transition to this state would be hidden in the scattered
deuteron peaks from the target, because of the window thickness of the device. There is,
however, another way of testing whether this 6.5 Mev excited state exists. That is by
looking for its break-up into a triton and an alpha particle. The maximum possible

8
energles of an alpha particle from the 2.90 Mev excited state in Be and the 4.63 Mev
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and 6.5 Mev excited states in Li7 have been calculated in Appendix 1. Figure 33 shows

a graph of the calculated maximum energies as a function of the emission angle, for a

desuteron bombarding energy of 1.35 Mev. The experimental points on the figure show the

measured maximum energy of the alpha coutinuum for a 1.35 Mev deuteron beam. As

can be seen, there is no indication of an alpha particle from the 6.5 Mev state in L17.

A similar check on the maximum triton energy from these excited states of Li7 could

. not be done because the proton peak from the Clz(d,p)C13 reaction obscured the end of the

triton continuum. Jung and Cler (56) have done this check on the maximum triton energy.
7

Their results indicate a triton from a level at 6.6 Mev {n Li‘.

C. . The Beg(d,t)Be8 Reaction:

The angular distribution of the triton transition to the ground state of Be8 was
measured at deuteron energies of .50, 1.16 and 1.35 Mev, as shown in {igure 34. These
distributions are in good agreement with those reported by: Smither (57) and Haffner (56).

D. Target thickness and Impurities.

The thickness of the Be9 target was measured by looking at the spectrum of
elastically scattered protons from the target. Figure 35 shows the scattered spectrum
at 155 degrees with respect to the proton beam of 1.600 Mev. The integrated proton beam
was 6 .; microcoul. As shown on the figure, the lowest energy peak is that from

scattering on Be? nuclel, the middle peak is from scattering on cl?

nuclei and the high
energy peak is from scattering fromn 016.’ The target thickness was measured by two

independent methods:

¢)) calculating the target thickuess from the Rutherford Scattering formula,
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after integrating the counts in the Be9

peak.

(i1) measuring the width of the scattered proton peak from Be9 and cal-
culating the thickness from the know dE /dx for protons in Be9. The thickness as meas-
ured using the Rutherford formula and the integrated proton flux was about 3 times higher
than that measured by the known dE /dx values. This discrepancy may be due to in-
acéuracy in.measuring the beam current passing through the target. The target was at
ground potential; hence any electrons knocked out of the target by the impinging protons
and in the direction of the proton beam would be collected by the Fara..'cilay Cage. These
electrons would cause the current reading to be lower than the true beam current. Hence
the inte/grated beam value would be lower than the true value and the resulting target
thickness calculation would be higher than the true value. Any absolute cross-~-section
measurement can only be estimated within a factor of 3.

The impurities in the target were more easily determined by looking at the
scattered deuteron spectrum. Figure 36 shows the elastically scattered spectrum plus
three low energy reaction products at 75 degrees wiﬁx respect to the 1.35 Mev deuteron

' 14
beam. By checking the energy variation of the scattered deuterons from Clz, N , and

2 16
16, the C1 and 0 impurities were identified. The reaction products shown in Figure

0
36 are:

M: an alpha transition to the first excited state in N1.4, from the reaction
Olé(d,a)Nl‘}* .

N: an alpha transition to the second excited state in B!l from the reaction

cl13(d,a)sli*”,
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&
13 in the reaction Clz(d,p)C13 .

O a proton to the first excited state of C
Figure 37 shows the low energy spectrum at an angle of 45 degrees with respect to the
1.35 Mev deuteron beam. The large peak marked "P" is the recoil protous from the
d=uterons hitting the hydorgen in the formvar backing. Figure 38 shows the spectrum
of low energy products at 45 degrees with respect to the 1.35 Mev deuteron beam for
a formvar target only. The reaction products due to the Oxygen contaminants are not

present in this spectrum, thus suggesting that the oxygen on the targets may have been

picked up during the evaporation of the Beryllium.
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V. CONCLUSIONS:

The solid state charged particle dztector has proved itself to be an invaluable
tool for studying low energy nuclear reactions. Because of its small size it can be used for
studying the angular distributions of reaction products. Because of the fast rise-time
of its signal pulse(lO‘8 sed), it can be used to study particle-gamma ray correlations
and particle-particle correlations. Because of its good resolution, it can resolve the
elastically scattered particles from different nuclei, making it an excellent device for
target thickness measurements. Because of the devices 100% efficiency in detecting
charged particles care must l'ae taken to keep the flux of charged particles Incident on
the device below 10 ° per second. Any higher count rate would tend to swanip the elec-
tronics.

This study of the Beg(d,a) Li7 reaction has yielded several interesting results
and has indicated further experiments that sh.ould be run on this reaction.

The angular distribution to the ground and first excited states of Li7 have
been fairly well established between the deuteron energy of .5 and 1.35 Mev. Unfor-
tunately the absolute cross-section for the reaction could only be estimated to be between
one and five mb/steradian. A further study of the reactlon cross-section of these two
transitious, as a function of energy would be of interest, to help determine whether there
is compound nucleus formation during the reaction.

The indication of an alpha transition to a 5.64 * .11 Mev excited state in Li’
is weak, because of the reactions with the target impurities. To check the validity

of this indication, the reaction must elther be run using a pure Be9 target, or be run using
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a magnetic spectrometer.

The fact that the maximum energies of the alpha contivum do not indicate
an excited level near 6.5 Mev in L17 does not mean this level does not exist. It does
mean, however, that the cross-~section for populating this level is considerably lower
than the cross-section for populating the 4.63 Mev excited level in L17 . An excellent
way of studying these excited states of L17 that break up into a triton and an alpha

particle would be to run an alpha-triton or alpha-alpha correlation experiment.
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APPENDIX 1

Secondary break-up of Li7  and Be8'.
The secondary emission studied in this Appendix is the particle break-up of
the:

(i) first (2.90 Mev) excited state of Bs:8

into two alpha particles:

(ii) second (4 .63 Mev) and third (6.54 Mev) excited states of Li’ into an
alpha and a triton. These transitions are shown in Figure 19. In calculating the possible
range of energies for these particles, it Is assumed that the parent nucleus has not lost
any of the recoil energy it received rom the initial reaction Be9(d,t)Be8' or Be9(d,a) Li7",
Li7"". If the exclted nucleus was at rest before the secondary emission occured the
energy of the secondary particles would be single-valued. As can be seen from the
spectra in figures 18 - 22 the energy is far from being single-valued. Therefore, the
assumption that the excited nucleus has lost little of its recoil energy is, at least to

a first order approximation, a good one.

The lab energy of the excited nucleus from the primary transition is:

-%i= Alcost + (G/A- sin% #]2
T _

wheres

oy
i

energy of the excited nucleus

o M, M,E, M M3 MQ
g.+ Q A= C= J
‘ (M+ MM+ MIE ¢ (M,+'M.‘,)(M_,;i»M4)[I ' M, E-r]

The remaining symbols are explained in Figure 39b.

2s
i

After the primary reaction has occured, the system of interest is the heavy
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product or residual excited nucleus. In the centre of mass coordinates of the excited
nucleus the two secondary particles will be emitted in opposite directions with velo-
cities V1 and V2 as shown in figure 39a. These velocities will be determined by the
amount of energy available for the break-up of the excited nucleus. To obtain the vel-
ocites of the secondary particles in the laboratory coordinates, V'; and V'2, the velocity
of the recoil excited nucleus V4 must be added to V, and Vz.

The algebra for the solution of V') and V'

2 in terms of V4 and the Q of the

reaction giving the two particles is tedious. However, there 1s a simple graphical

method that gives sufficient accuracy for most cases. This method is shown in figure

40. The circle, with centre O, and marked "V, or V," , has a radius proportional to

the absolute value of the velocity of the secondary particle in the centré of mass system

of the excited nucleus M4. The second circle, marked "Vl’ or V%', has the same radius
as the first, but its centre O' is shifted an amount propottional to V4 and in the direction of
V4 . The velocity of the secondary particle in the direction 8" in the laboratory coor-
dinates is proportional to the distance between O and P, the point where the straight

line in the direction 8  cuts the circle of centre O'.

The secondary particle will have a maximum energy in direction ) , When
the recoil velocity of the excited nucleus from the primary reaction is in the same
direction. For this special case the expected maximum energies of the secondary alphas
have been calculated for a deuteron bombarding energy of 1.35 Mev and are shown on

page 32.
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Maximum Secondary Alpha Energies: Eyu 1.35 Mev

, Bed'---(a)a L’ ---(t)a L7 - -)a
8 (Eq) max (Eq) max (E.) max
180 2.34 2.38 2.63
160 2.42 2.44 2.66
140 2.50 2.56 2.75
120 2.68 | 2.78 2.92
105 2.87 2.98 3.12

90 3.11 3.26 3.38
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APPENDIX 1II

CORONA STABILIZER

A. General Description:

The Corona Stabilizer was designed to replace the electron gun energy stab-
ilization of the U.B.C. Van de Graaff accelerator. The schematic diagram is shown
in Figure 41. Its use has several advantages over the electron gun. They are:

(1) the high background of X-rays caused by the accelerated electrons
hitting the top terminal bun have been eliminated.

(i) the energy of the set can be varied easily over a range of 200 Kev, by
changing the fleld of the 90 degree deflecting.

(iif)  the vacuum system of the accelerator is greatly simplified, in that the
differential pumping column used for the electron gun could be removed. This column
space has been replaced by a periscope system allowing a bank of meters monitoring
essential points in the circuits of the top-terminal ion source and beam focus lens to be
seen from the main control panel.

The essential part of the Corona Stabilizer is the corona needle mount in the
Van de Graaff, which is marked on the geneval block diagram, Figure 42. This mount
consists of a group of six needles projecting from a grounded almninum shield, shown in
Figure 43. The shield and needles can be moved with respect to the bun by a motor
drive mounted outside the tank. The relative position of the needles is given by a slide-
wire rheostat, connected to a meter on the control panel. The circuit for the motor drive,

6BK4 filament power, and the needles position meter is given in Figure 44. The con-
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figuration of the accelerator bun, needles, and the shield acts like the plate, cathode
and grid, of a gas triode. Figure 45 shows the measured characteristics of this triode.
The cascode configuration of this gas triode and the 6BK4 triode results in a high gain
amplifier with a gain of the order of 40,000. The theoretical gain for this circuit is cal-
culated in Section B-1 of this appendix.

If the beam is not bent exactly 90 degrees the amount of beam hitting the two
sniffers will be different. Any difference between the currents hitting the sniffers will
be amplified in the pre-amplifier, with a gain of 25, and applied as a voltage signal
between the grid and cathode of the 6BK4. This signal will change the.accelerator
voltage on the bun so as to remove the current difference between the sniffers. For good
stability the loop gain for the system should be large. Assuming a 1 KV change in the
set energy, an analysis was done on the resulting correction signal applied to the bun
by the Corona Stabilizer. The correction signal was found to vary from 100 KV to 1000
KV, depending on the set energy and the beam focus. This analysis is done in Section
B-2 of this appendix. Because the focus of the beam is a function of the energy, there
is a change in the amount of horizontal current over the range of stabilization, but an
adjustment of the two ion source lens voltages can easily be eliminate this effect.

To overcome the problem of radiation of spurious pulses from high voltage
corona, the 6BK4 triode, spark gap, and bleeder resistor were mounted right on the end
of the brass rod shielding the needle lead: as shown in Figure 46,

B. Theoretical Discussions:

1. The Gain analysis of the gas triode and 6BK4 triode. The
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schematic diagram corresponding to this analysis is Figure 47. Vo is the change in
the set volts due to a dc shift in V12 , the 6BK4 grid-to-cathode voltage. Let i be the

corresponding current caused by this change in voltage. Therefore:

(1) Vo =iR}, R, is the stack resistance (26 x 1090 )

(2) i= Vlzgml - \/’p/rpl Vp is the 6BK4 plate voltage.
rearranging (2) gives Vp = Ip] (VIngl -i). 2"
(3) i= Vpgm2 -V. /rp2

gm1 is the transconductance of the 6BK4 triode.

" Tt LL} 1" LA

gas triode.

rp1 is the plate-resistance of the 6BK4 triode.

(3] [X] (3] " (1]

rp2 gas triode.
Substituting (2') into (3) and using (1) gives:
Vo/RL=Gmz i M2 gmi = Vo/RL] ~ Vo /roe (4)

The gain of the circuit is defined as A=V /V,,.
0

Substituting into (4) gives:

I/R_ = 9mea o [\42/A - |/RL] - I/rpz

and rearranging gives:

A Gmi

R  9melpi
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Taking values of g ., and rp2 from Figure 45 for the gas triode as:

8m?2 4 mumhos

r 2 X 1010 ohms

p2

and the measured values of gm1 and Ipl for the 6BK4 triode as:

81 100 mumbhos
r 11 X 109 ohms.
pl

gives the value of A as: 49,000.

This is in good agreement with the actual measured gain of 40,000.

2. Loop gain analysis for the whole stabilizer system.

The energy that allows the beam to be bent by 90 degrees through the deflecting
magnetic field, is the energy of reference that the corona stabilizer must maintain. The
magnetic field bending the beam is the constant of reference to which all stabilization
is referred. The corona stabilizer must have enough feedback gain so that any variation
in the set voltage is corrected by an even larger feedback signal. The greater the loop
gain, the better is the energy stabilization. Figure 48 shows a schematic diagram, used
in this discussion, of a beam changing in energy, and hence fluctuating in position
because of the magnetic field.

The radius of curvature of the beam in the magnetic field is given by:
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(1) p= K(ZmE)%/B, where E is the energy of the particles in the beam,
and B is the magnetic field.Dividing ghe derivative of equation (1) by ezquatlon (1) glves:
(2)  dp/p=HE/E
If the set V.OlltS changes by dE, the beam will move a total distancé "of "t" at the sniffers.
At the magnet box opening:

(3) (+ dp)2 = (dp)2 + (p + dy)2 Rearranging (3) gives:

() dy= fo-dpP - (@ -p
The extra deflection caused by the be'am.~n0t lea}vlng the: magnet laox opening:
(4) D = xdp/(p + dp) & xdp/p |
Therefore the total deflection at the sniffers is:
(5) t = xdp/p + o> - 2dp)% -p
Assuming that the beam has a uniform cross-section and a rectangular shape when it
passes through the sniffers, one can make a simple calculation to determine the signal
" reaching the pre-amplifier when a fluctuation occurs in the set volts. IfdE is 1 KV v :
and E is 1000 KV, then dp is .0l4 cm., as p is 28 cm. for the Van de Graaff .magnet.
~ Therefore "t" is .064 cm. If the beam has a shapeas shown in Figure 49a, the }esulting
Lcumrent difference between the sniffers will be .086 yamp. With a snﬁfer sensitivity of
47 Meg-ohm's, the?l resulting signal on the bun will be 40,000 volté . The Léop Gain is
therefore 40. The effect of different set energies, different beam cross-sections and |
differ‘ent sniffer sfit widths, on the loop gain are- summarized in Figure 50.

Two beam distributions are considered: an unfocused beam, which was ap-

proximated by a beam of constant current distribution over its whole area, and a focused
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beam which was approximated by the distribution j = A exp (-x2 - .04y2), as shown

in Figure 49b. For the constant current distribution, the loop gain is independent of the
sniffer width, and is an order of magnitude lower than that for the focused beam. The
suniffer width has a definite effect on the loop gain for the focused beam. As seen from
Figure 30b, for a given amplifier gain a higher loop gain implies a lower current allowed
to pass through to the target. A third curve in the figure is the product of the loop gain
and the relative current let through the sniffers. This product reaches a maximum at a
sniffer width of approximately .65 cm. so a compromise can be made between energy

stability and target current.

C. Physical Operation Characteristics:

Many variables affect the best operation position of the Corona Stabilizer
needles. The two most important of these are the tank pressure and the energy of the set.
For proper control: the needles must be brought closer to the bun as the pressure of the
tank is increased, the energy remaining constant; and the needles must be moved farther
from the bun as the energy is increased, the pressure remaining constant,

The relative humidity of the tank has has a smaller effect on the stabilizer
control. For higher humidity the needles must be farther out for control, if the energy
is constant. No measurable change in the stabilization was noted when 10 lbs. of Freon
was added to the tank gas. Higher amounts of Freon should have some effect, as it is
added to suppress bun-to-grouad sparking, so it should also suppress current pick-up on

the corona needles. These characteristics are shown in figures 51 and 52.
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Because of the voltage specifications of the lead carrying the current from the
needles to the plate of the 6BK4 triode, the highest safle voltage that could be applied
to the 6BK4 plate was approximately 10 KV. Under conditions of low beam current a
range of stabilization of 450 Kev was obtained, with the 6BK4 plate at 10 Kv. Presumably
with higher plate voltages even wid=r ranges could be obtained. Figure 53 shows the effect
of increasing the plate voltages on the stabilization range. Because the beam focusing
conditions change quite drastically over such an energy range, larger ranges of stabilizatlon

would be inadvisable.
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