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ABSTRACT.

A precise energy control system has been constructed
for the U.B.C. electrostatic accelerator. Over the past
six months it has provided analyzed beams of protons as
large as 4% microamperes on a target with an energy homo-
geneity of 0.1%.

In the system adopted, the accelerated positive ions
are analyzed by a 90° deflection magnet provided with entrance
and exit slits to define the beam path. The magnetic field
is stabilized to a few parts in 100,000, and controlled by
a nuclear magnetic resonance method. A fraction of the
emergent beam falls on two insulated slitsi;, "sniffers",
connected to a differential amplifier, the‘oﬁtput of vhich
varieé as the beam impinges more on ohe than the other,
Thus an error signal is obtained according to the shift
in energy and hence position of the béam, which is used
to modulate a reverse beam of electrons sent up the dif-
ferential pumping tube of the generator. This beam loads
the generator so as to maintain its voltage, and hence the
energy of the ions, constant. The main central part of
the beam passes through the slits 6nto the target mounted
beyond. One-dial control over a range of 20 KeV is achieved
by simply tuning the oscillator controlling the frequency
of the nuclear magnetic resonance fluxmeter head. The

energy of the ions can be varied in steps as fine as 0.2 KeV



in 1,000 KeV.

The.generator;s voltage scale (the generating volt-
meter) and energy écale (the magnetic field of the énalyzing
. magnet) have been.calibrated relative to the currently
accepted standard value of Herb, Snowdon, and Sala of
‘0.8735 MeV for the strong Flg(p,xx 7’)016 resonance and
checked with the 0.3404 MeV resonance occurring in the
same reaction.' Additional calibration points were obtained
using mass 2 and 3 beanms.

The complete gamma ray excitation curve for the re-
actions from F19 bombarded with protons has been taken up
to 2 MeV and new resonances found at 1.62 and 1.8k MeV.
.The 1.355, 1.381 MeV doublet was resolved with a péak to
trough value of 9/1 which is excellent confirmation of
. the homogeneity of the proton beam.

The resonances in thé N15(p, & ¥ )C1? reaction have
_aléo been investigated and background }ields from varioug

target backing materials measured up to 2 MeV,
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THESIS

DESIGN AND CALIBRATION OF A PRECISE ION ENERGY
CONTROL SYSTEM FOR A VAN DE GRAAFF ELECTROSTATIC
ACCELERATOR AND ITS USE IN THE STUDY OF RESONANT

REACTIONS IN SOME LIGHT ELEMENTS

A precise energy control system has been constructed for the
U.B.C. electrostatic accelerator. Over.the past six months, it has
provided analyzed beams of protons as large as 4)4 microamperes on a
target with an energy homogeneity of 0. 1%.

In the system adopted, the accelerated positive ions are analyzed
by a 90° deflection magnet provided with Fntrance and exit slits to
define the beam path. Themagnetic field 'is stabilized to a few parts
in 100,000, and controlled by a nuclear magnetic resonance method. A
fraction of the emergent beam falls ontwo insulated slits, “sniffers,”
connected to a differential amplifier, the output of which varies as
the beam impinges more on one than the other. Thusan error signal is
obtained according to the shift in energy and hence position of the
beam, which is used to modulate a reverse beam of electrons sent up
the differential pumping tube of the generator. This beam loads the
generator so as to maintain its voltage, and hence the energy of the
ions, constant.  The main central part of the beam passes throiigh the
slits onto the target mounted beyond. One-dial control over a range
of 20 KeV is achieved by simply tuning the oscillator controlling the
frequency of the nuclear magnetic resonance fluxmeter head. The energy
of the ions can be varied in steps as fine as 0.2 KeV in 1,000 KeV.

The generator’s voltage scale (the generating voltmeter) and
energy scale -(the magnetic field of the analyzing magnet) have been
calibrated relative to the currently accepted standard value of Herb,
Snowdon, and Sala of 0.8735 MeV for the strong FL9 ( (p, ¢ ¥)016 reson-
ance and checked with the 0.3404 MeV resonance occurring in the same
reaction. Additional calibration points were obtained using mass 2
and 3 beams.

The complete gamma ray excitation curve for the reactions from
F19 bombarded with protons has been taken up to 2 MeV and new reson-
ances found at 1.62 and 1.84 MeV. The 1.355, 1.381 MeV doublet was
resolved with a peak to trough value of 9/1, whiéh is excellent con-
firmation of the homogeneity of the proton beam.

The resonances in the N1 (p,C’ﬁU)Cl2 reaction have also been
investigated and background yields from various target backing
materials measured up to 2 MeV.
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Introduction.

The Electrostatic Generator in Nuclear Physics,

1 is a machine

The Van de Graaff electrostatic generator
‘for providing a constant source of d-c potential of several
million volts which is free'from ripple and stable to better
than 1%. An importanf precise tool for Nuelear Physics
research 1s obtained by fitting a suitable vacuum tube fo
the generator for acceleration of positive ions or negative
electrons for use as bombarding particles. The whole
assembly of d-c generator, vacuum accelerating tube; and
the auxilliary apparatus needed to provide the source of
ions as well as a selection and control of theilr energy,
is called the "electrostatic accelerator“.

The electrostatic accelerator is the most suitablé
machine available at present for investigating the energy
levéls in the light elements for it alone can provide a
very constant but readily variable accelerating potential.
It is the object of this thesis to describe how the electro-
static accelerator of the University of British Columbia‘}
was stabilized to & 0.1%, calibrated with respect to an
'absoluté voltage and enérgy scale, and then used in the

investigation of (p, A ¥ ) resonances in some light nuclei.
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Figure 1.

Prototype of U.B.C. Van de Graaff Generator
to face page 1.



Part I

The Van de Graaff Accelerator and Stabilizing Equipment

I. Acceleration of a Beam of_POSitive Ions

The Van de Graaff generatof provides a‘high voltage
for the>acceleration of ions. Figure i, shows a cut-away
view of the prototype of the W.B.C. machine. Pbsitive charge,
. which is sprayed from.a‘high voltage set on to a long end-
' less insulating belt, is carried up into the inside of a
large hollow metal electrode where‘it is removed. This
’charge, which spreads to the oﬁtside surface of the‘électrode,
raises 1t to a very high potential of equilibrium valué
determined‘by'the balance of charge carried up and thgiload
on the generator. A longﬁvaéuﬁm'tube,vfittéd with an ion
source and focussing systeﬁ at the top’end,'reaches from
inside the hollow metal electrode to ground}wherefit connects
with a vacuum box containing a target. The ilons are.injected
into the vacuum tube, are focussed and accelerated by the
high potential with respect to ground and strikevthe tgrget
"with a high veiocity.. The generator.voltage is coarsely
adjﬁsted by varying the spray Eurrent from the high voltage
- set. |

hThe University of British Columbia Van de Graaff is a
vertical pressurized machine designed for a potential of

four million volts. It uses an electrodeless, radio fre-

quency type of ion source? which provides a source:@f al-



2.

most monoenergetic étomic ions (up to 75% of H*'in a total
current of up to 50‘/J:amps,homogeneous in energy withih
100 electron volts, (eV)), with low gas consumption (about
0.15 c.c. per minute at 760 mm. of mercury) and good fé-
cussing. The ion source,together with preséure,botﬁ;es of
hydrogen and deuterium, palladium thimbles, power supplies,
coﬁtrols and monitoring meters ise fitted in the confining
space of the polished top terminal (about 34 feet diameter
and 3% feet high). There are two vacuum columns,m;é,feet
long, one of ﬁhich is used for differential pumpiéégﬁhilé
the other is the main_aécelerafing tube used for the pos-
itive ion beam. Four iarge oil diffusion pumps maintain
a vacuum of 2 X 10"5 . of mercury or less during normal
operation with a beém‘of‘pésiﬁive ions. |

The insulating column suppofting the top terminal
and equipment is made up of 6% aluminum equipotential
plates, each spaced by three 2 7/8 inch porcelainlspacers.
Sections of conducting‘rubber join each plate to the metal
-électfodes of the two vacuum tubes. In addition there
“is a 450 megohm resistor linking each pair of plateé to
provide a constant load of 2.8Y% X lo# megohms for the
machine. The fifst equipotential plate up from ground
is however returned to a negative potential of 1200 volts
to suppress secondary electrons emitted from the groun@ed

inner surfaces of the bottom of the vacuum tubes.
' The main parts of the machine (figure 1.) are enclosed

in a large steel pressure tank which is pumped up with



Figure 2.

Analyzing Magnet.

Figure k.

Fluxmeter r-f Head.

to face p.3



3.

dry nitrogen (plus freon 12) to a pressure of 75 to 100
pounds per square inch to inhibit corona. The pressure
tank is provided with a number of glass viewing ports as
well as a periscope for v1ew1ng meters in the top electrode.

The accelerator will of course accelerate any type of N
ions produced by the source, but for most 1nvest1gat10ns,
atomic ions of hydrogen - protons - or of deuterium -
deuterons - are required. For some purposes a source of
helium ions would be useful but the r-f type source tends

to produce._'He+ ions, not alpha‘particles with two charges.

II. The Energy Selector and Analyzing Magnet.

- 1. Introductlon. _
The accelerated beam of ionized hydrogen contains

the following ions:

gt - protons, _ I (mass 1),
EH*f - singly charged hydrogen molecules, (mass 2),
HEHY - -  (mass 3).

A large 90° analyzing magnet provided with a'vacuum box
between its poleffaces-was used to focus and separate_the
different mass components. This magnet, weighing over
seven tons, required a current -of about 45 amperes at 250
volts d-c to provide a field of about 20,000 gauss over
its 16 1nch square pole faces through its one inch air

gap. A degeneratlve electronlc current stabilizer, built
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b,
by the author3, held the field constant to a few parts in
10,000, Figure 2 is a photograph 6f the magnet. The
magnetization curve is shown in figure 3. <he hysteresis
loop was too narrow to show up, about 0.2 aﬁperes wide
at 15 amperes and about 200 gauss high at 4 kilogauss.
| The analyzing magnet separates ions of different charge
'to mass ratio and of different energy. Thus if a parallel

beam of ions of energy

6V = % mv® | (11.1)

aré incident on the entrance slit, then they will be de-
flected thhough 90° and pass through the exit slit if their
fadius of curvature is of value e fixed by the positioms
of ‘the slits, where:

Hev = ggsj | (I1.2),

_ c e.

and (using c.g.s. units) o
H is the magnetic field strength bétwéen the

pole faces in e.mih.,

e is the charge of the ion in e.s.u.,

m is the mass of the ion,

v 1is the vélocity of the ion,.

¢ is the vélocity'of light, |

e is the radius of the path of the ion,

V is the potential through which the ion was

accelerated.

Combining equations (II.l) and (II.2) gives the relation-

"~ ship between the accelerating voltage, V; gharge-to-mass

ratio, e/m and the momentum of the particles, H:e‘ s

1



e F e = - (II.3)
2 m 02

In addltion, the well known focussing properties of a

90 magnet)+

allow maximum besm on the target with exact
definltlon of 67 and hence of beam énergy.

~Since e/m is constant for each mass component, and '
since e may be fixed by entrance and exit slits on t.he
magnet box,'ions‘of-energy eV = E only will be focussed

at the exit slit in a field ofrkonstant H., However, from

equation (II.3), it can be easily seen that for a given

curvature,
AE = AV -24H . (I1.h)
E \ H

!

so that a highly stabilized field is needed to maintain
the emefgent ion beam homogeneous in energy, E. For this
purpose a proton magnetic résonance fluxmeter was built
for>fieldvmeasurement, stabilization and control.

2. Proton Magnetlc Resonance Absorption.s

‘As a consequence of quantum mechanics, all

isolated nuclear systems possess a total angular momen tum

I quantized in integral or half-integral values, in units

of h/21 (_R). Experiment shows that for even mass number
(A)Anuclei, I is integral (0,1,2.....) and for odd A nuclei,
I is half integral (3%, 3/2,¢cw-)¢  It is also found that

all nuclei having an even numbér of protons (Z) and an

even number of neutrons (W) havévI;; 0. Associated with

this total angular momentum, which may be loosely called

‘nuclear spin, is a nuclear magnetic moment



6.
A= Y IE ; | (II.5)
which is again of course, Z€To for even Z, even N nuclei.
”x” , the gyromagnetic ratio, the ratio of the magnetic
moment to the angular momentum, has been measured quite
accurately for a largevnumber of nuclei. |
When nuclei are placed in e strong magnetic field,
H, they may orient themselves in different quantized di-
rections with respect to the field because of their magnetic
moment. Each position defines a quantum mechanical state
possessing a certain energy and there are (2I4 1) possible

.states. The energy of these states isx

. | . (11.6)

where MI is the’projectien of the vector I on the.exis
of the magnetic field H. For transitions between ad jacent
levels, 4 My =.+ 1 and no others are allowed by selection
'rules. Therefore the energy difference between these states
is _ |

AE :,(A.%- :’KYH SRR | (\.\:‘[I...7)

If, now an oscillating magnetic field, Hj, perpendicular
to H is apﬁlied; transitions may be induced between_neigh;
bofing states mosﬁ strongly when the megnetic resonance
relation holds true, ie. | |

_ AE Aw - ‘HYH, - (I1.8)
where w is the frequency of the applied field Hlln the

A*&T the work done to rotate the dlpole,bt
1 against a field H from the past to the

next possible position is 4 H cose - uH M7
I




7.
r-f range, and gives the Larmor preéession frequency for
the nuclear spin vector about H. These transitions will
- " oceur not_only by absorbing energy from the r-f field
appliéa_but aiso in stimulated emission. Since the tran-
sition probability is the same for each direction no ab-
sorption of energy from the applied field would occur if
this was the only factor to be considered.  However the
thermal motions within the sample of nuclei set up fluctu-
ating magnetic fields which can act upon the aligned magnetic
dipoles and sometimes change their orientation. This
"spin;lattice" interaction does not affect states of higher
énd lower energy equally however; Boltzman étatistics in-
dicate that a slight preponderance of dipoles will exist
in the lower states. Thus for protons for which I -3
there are two states, parallel and anti parallel having
an energy difference A E - 2 U b'ﬁ SO that.in'equi:
librium, which takes place with a time constanf T1, the
-4

' "Relaxation Time", of from 10~ to 100 secbnds'depending 

on the lattice conditions, the ratio of protons presént

in the two states is:
- ~AB/kT

_ Nhigher” = e ’ . (I1.9)
'lower ﬁ | | ’ |

-where k is Boltzmanné constant and T is the absolute temper--
ature. For room teﬁperature with a field of 5,000 gauss,

AE/KT ~ 3 X 107° o |

N - | AE ~ 2 4 H .

lower higher ~ p T TEF - (II.10)

‘Nlower ' “ |

Thus thé'slightly larger population of the lowef state

"whence:
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will result in a higher absorption than stimulated emission
from the upper state. The extra energy~sovabsorbed,appears
as heat energy in the lattiee vibrations and motions.

Consider‘protons in a sample of water. With no exter-
nal magnetic field, the orientation of the protons will
be'quite random. When a field, H, ie-applied the protons
will assume only two quantized pesitions with respect to
‘the applied field; statistically about half will be align-
ed parallel to the field and about half anti-parallel.
The thermal motion of the nuclel brings about changes in
their sbin orientations.so that there is a slight excess
- of protons in the lower energy state (parallel) according =
to Boltzmann's statistics. There is a characteristic
time associated with this re-orientation process, the spin-
‘lattice time, mi,}which for protons in water (plus some
fMpClz) is of the order of 0.0l seconds. The excess of
protons in the lower energy state is about 7 per million
in a field of 10 kilogauss. The magnetic resonance con-
dition (II.8) may be satisfied if the oscillating magnet-
ic field, Hy, in the radio frequency (r-f) range (about
Lo Mc/s) is supplied by a small coil surreunding the water
sample. Hp,of the order of 5 gauss,may be obtained by
. applying about 0.5 volts from a euitable oscillator to the
r-f coil. AThe_maghetic resonance absorption signal observed
under the abeQe.conditions varies from a few microvolts
to a millivolt depending on H, the size of the sample, the

‘value of Tl and the homogeneity of H around the eample.



. 9 * .

In practice,'r-f power is supplied . to a‘sméll,goi;
contéi@ihg the sample of protons. The strong magnetic
fieia;*H; applied ‘to the samplé is modulated by a small
pair of HelthltZ‘éoils so as to.sweep through the reson-
‘ance condition many times (up to 500) per second. The
. net aggorption of power by”the nuclei frpm the r-f coil
is dé%écted as a lowering of the Q of the oscillator coil
(an increase in the effective series resistance of the coil)
and“may be displayed as a resonance signal.éfter amplification
on a cathode ray tube operated in synchroniém with.thé
modulation frequency. ‘ |

By using the most recent value6 éf 'p for protons
'and substituting in (II.8), the s1mple relation for measur-
ing the magnetic field H in terms of the‘frequency fp'is
obtained: |

H (kilogauss) 0. 23%865 f (Mc/s)ﬁ-o 002%
(II. 11)

A sultable r-f power source, set of modulation c01ls;
amplifying and detecting eQuip@ent therefore constitutes
~‘a very precise fluxmeter. Fields as low as 11 gauss and

as hizh as 12 kilogauss have been measured with this metkod
using proton samples. The lower limit is set by the strength
of theuresonance.signal obtained, which varies“diréctly as
the square of H and the size of the sample7. Since the
signal étrength decreaées with inhomogeneity in H, size

!of the-sample'is also a limit although_ﬁater samples-asf
large as one liter have’beeh'used. The upper limit ié

set by the Tifficulty of obtaining the r-f field excitation

,qver a sufficiently large sample of protons in the presence
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10,
of a very strong‘magnetic field. The noise level is set
by the tubes in the detector and the first stage in the
amplifier.' For protons, the S/N ratio is suffibientlyhlarge
to give_signals adequate for use in stabilizing systems{'
without the need for low>noise high gain ampliﬁiers.
This is not thevgase for other nuclei.

Higher magnetic fields may be measured at lo&er fré-
guencies (than that fbr pretons) by using a nucleus such as
Li7 which'haS‘a larger‘gyromagnetic ratio than the proton.
For example, in the same magnetic field, H, the ratio;. |

T | _ (1T.12)

has been meaZured experimentally so that equation (iI.ll)f

becomes, when using a sample containing L17 nuclei: '
H(kilogauss) = O.6Oh3486‘fLi(Me/s). o (I1.13)

This means that with sﬁitable‘extra'amplifyihg equipment,

fields over 24 times as great could be measured at the

same frequencies shownin (II.11) for protons.

. Broton Magnetic Regonance Fluxmeter and Field
Stabilizer. N
| - (a) Magznet Currenf Begulato:v

Before the field of the magnet was stabil-
‘ized, its current_was controlled by e degenerative fegulator
circuit. A standard manganin resistor inserted in the
magnet current 1eaq§ produced a voltage drop which was
compared to the volfage<of a standard cell (through a
Rubicon potentiometer).by means of a Brown eonverter chopper.

An error signal derived from this after amplification

and detection was used to control the field current of two
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ccgstantHSpeed d-c¢ generators suﬁﬁiying the»magnet current.
The resulting magnetic field, upgtd 16,000 gauss, was .held
to one part in 10,000 over short periods and to within a
few parts in 10 OOO over longer periods. .

(b)) Enngx_ﬁ;gnal_iggg;the Proton Magnetlc Resonance_

The\prbton resonance equipment pfovides
'é d-c error ﬁoltage proportional to the deviations of the
magnetié fiéld>ffom the desired value H, as given above.
The amplitude and polarity of this flux error voltage
vary as the magnetic field if below, equal to, or above
the value H within the few’géuss range of the proton re-
sonance. The flux error volfage is derived as fo;lows.
An a-c signal is first obtained by modulating the magnetic
field by a small pair of coils so as to sweep across the
proton resonanceg., This a-c signal of a few hundred micro-
volts is then amplified and passed through a phase sensitive
rectifier to give the required d-c error #oltage (see
figure 12). Thls flux error voltage, when added to the
magnet current error voltage, Provides the final control
of the magnetic field., | ‘ |

Figure 4 is a closefup view of thé fluxmeter r-f head.

One of the modulating codls may be seen at the right, on
the outside of the searéh coil box. The r-f coil and
proton sample:ﬁﬁeinside the brass case, behind the mod-

.ulating,coil. A block diagram of the complete flux control
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epuipment.is shown in figure 5. The equipment built to
controllfhe flux directly consisted of the following units:
r-f head and stabllized power supply, proton resonaﬁce
signal amplifier and phase sensitive rectifier, 500 c¢/s
oscillator, compensating hetwork, cathode ray oscilloscope
and powef Supply.‘ Power for all these unlts<was’supplied

- by a'Sola.constant voltage transformer.

(c) Fluxmeter r-f head.

) ~ The c1rcuit of the fluxmeter r-f head
follow1ng the de51gn of T. Colllnslo is shown in figure 7.
The head conta;ns a weakly oscillating detector consisting
.of a pair of'GAG5 tubes in a push-pull arrangement. The
oscillations are kept small by the two by-pass condensers
from plate to ground and feedback from the additional
6AGS tube used as a low gain amplifier. Only one control,
the two-gang variable air condenser, is needed to tune the
oscillator‘over about a 2 to 1 frequénoy range. Thié
condenser togethor with the search coil,inside,of which
is placed about 1 c.c. of a O.1 molar solution MnSOh,
forms the tank circuit which is loosely coupled to the
oscillator tubes. |

The complete r-f head 1s rigidly mounted in a heavy
brass box with the search coil protruding (figure 4).
Two 40 turn double-pancakéL wound coils are cemented to
the outside shield plates of the search coil for modulating

the magnetic. field.. .
Two r-f heads with additional coils were finally used
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to cover the frequency range from 11 Mc/s to 55 Mc/s in
four overlapping steps as shown in Table 1.

Table 1,

Fluxmeter Coil Ranges.

Head # | Coil # Frequency Flux Range B
_ ) Range Me/s | kilogauss
1 1 55 - 33 | 12.9 - 7.75 | .
| 2 4t = 25 10.3 - 5.9
| 2 3 27 - 18 6.3 - k.25
oy 19 --11 4,5 = 2.6

(d) r-f Head Power Supply.

An electronically stabilized power supplyll;

(Elmore and Sands, p. 373) provided the r-f head with 250
volts and 150 volts (gaseous diode regulated). A 0-50
'milliémeter inserted in the 250 volt lead indicated the
strength of oscillation in the r-f head (8 to 10 ma. in-
dicoted strong oscillafion, 10 to 15 ma,'or greater showed
weak oscillatibns, while greater than 20 ma. meant no
oscillations at all). This, together with a voltmeter,
was completely enclosed in avsteel cabinet and mounted‘near
the magnet. ' o |

A 6 volt lead-and-acid étorage battery supplied the
' heaters for the r;f head as well as those of the proton
resonance signal amplifier. , ,

(e) Fluxmeter Signal Amplifier and Phase §en§iﬁixe
Rectifier. _
This unit, figure 8, consisted of a con-

ventional two stage r-c coupled amplifier with some negative

feedback and a cathode follower output. The output was
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éOupled to a phase sensitive‘rectifier and output meter.
The.bandwidth'of the émplifier was limited by a twin-T
- feedback ﬁetwork, antiresonant at the modulation frequency
of 500 ¢/s. The overall voltage gain at 500 c/s was 10,000.
' The gain was down 15 db. at 120 ¢/s and 2,000 c/s; down 21
~db. at 60 ¢/s and 5,000 ¢/s. This 1imited bandwidth kept
the signal to noise ratio to about 50 to 1 for the profon
signals at the output of this amplifier. The a-c¢ flux-error
signal: was fed via 35 feet of coaxial cable to the regulator
chassis, where i£ was displayed on a cathode ray tube.

A Sylvania 1NHO‘(which consists of 2 matched pairs of
1N3#gefmanﬁmndiodes)‘was used as a phase sensitive recti-
fier or swi£ch demodﬁlatorlQ.r The vaiues of resistance
and capacitance used as "bias"lO (220 k and 0.1 uf) gave
maximum d-c¢ output for tﬁe 506 cyclelinput signals. The
500 ¢/ local signal for the phase sensitive rectifier,
and the plate supbly_voltage'were Both'fed.via a shielded
cable from the fluxmeter regulator chassisf |

A centre-reading microammeter with‘mﬁltiplier, connect-
ed across the output of the phasé sensitive rectifief, show-
ed when the proton magnetic resonance was being detected.
The meter needle, reading 20-0-20 volts full scale, indicated
proton mégnetié resonance field regulation by its small
random motion about centre..

This unit was also éompletely enclosed in a shielded
cabinet and mouﬁted beside the magnetw

(f) Fluxmeter Regulatoz Chassis. : ,
This chassis contained the‘SOO ¢/s modulat-
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ing oscillator, gain control, compensating network, a cathoae
ray oscilloscope, and a powér supply for the above components.

The 500 c¢/s oscillator, figure 10, differed from the
usual Wien Bridge oscillator only in the use of a‘transform-
er load (H333) in the second half of the 6SN7. The sec-
ondary of this transformer supplied about 20 volts td the
phase sensitive rectifier and the 6V6 power amplifier as
well as to the horizontal sweep amplifier tube of the.
cathode ray oscilloscope.. A phase shifting network was
inserted ahead of the phase sensitive rectifier andAé.r.t.
sweep amplifier to compensate for changes in phase that

the modulating signal recéived in its path through the
6V6 tube, coupling fransformers, fluxmeter head, and aﬁp-
lifier. The 6V6 tube‘suﬁplied.uprto 100 ma. of current
to the 80-turn modulation coils, allowing a few gauss sweep
of the magnet's field. _

The gainmcontrol, filter network, switch, and Miller
integrating circuit are shown in figure 9 as theacompen-
-sating network! The two stage r-c filter smoothed the
output pulses of the phaSe sensitive rectifier. The Miller
integrating network provided a long time constant néeded
for stability of the flux control loop. The effective
grid-to ground capacity is given by the formula

C = Cgria-to-plate(l+ K)
where K ié’the voltage gain of the stagex=L(

(g) Attenuator Interconnecting Network..

A'simple resistive attenuator network was:
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inserted between the output of the proton magnetic resonance
equipment and the input to the amplifier of the currentv
regulator apparatus. This interconnecting network gave
the desired addition in the direction of-flux‘error signal
to current error signal, while keeping the undesirable
coupling in the reverse direction small between fhe voltage
across the manganin resistor and phase sensitive rectifier
diodes.‘ This may be seen in figure 1ll. The attenuator
consisted of a 3 megohm and a h?,OOO ohm resistor. This.
reduced the amplified proton magnetié¢ resonance flux error
signal to a few millivolts which was then added to the
approximately 25 /L(v of error voltage derived from the
magnet current. The reiative magnitude and shape of the
error signals is‘indicated in figure 12.

(h) Operation and Performance of the Flux Regulator.

The equipment was operated from thé accel-
~erator control console, by setting the oscillator in the
r-f head to the proton magnetic resonance frequency pertain-
ing to the field required for deflecting protons thfough
90° as read from the graph figure 6 or from ﬁhe equation
(II1.11). The magnet current was setﬁfo‘give a field just
below the requifed value and increased slowly until the
proton magnetic resonance signal appeared on the cathode
ray tube screen mounted at the control panel. The field -
was heldAaccurately at this value which defined the energy
of the analyzed, accelerated proton beam. In most cases,

the flux error signal was strong enough to allow one dial

“fréquency" control of the magnetic field over about 1 Me/s
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in 30 Me/s, ie. about 0.2 kilogauss in 6 kilogauss, without
need for altering the magnet current setting control.

As a result, the éurrent setting needed only to be changed

manually at intervals.

(i) Engineering Features of the Magnet Stabilizer.

A nimber of safety devices and interlocks
were provided to protect the operator and the magnet from
the 12 kilowatts maximum of power in the circuit. A recti-
fier connected in the reverse direction acrossvthe‘magnet
coils dischargéd them dquickly and safely if the circuit was
opened or thevpower failed. In addition, p0wer was cut
off from the magnet if ﬁhe water-cooling failed, if the
current regulator tubes (6AS7) drew grid current or if
the cabinet door was opened to the magnet's generator's
shunt field power unit (400 volts d-¢ at l ampere) . An
overload current relay l;mlted the shunt field current to
1 amperé. Two re-set pﬁsh-buttons placed the equipment
in operation again when all faults were clearédr

The current regulator alone had six main time constants,
five laggingAand one leading. The longest ohé, 3 seconds
for the magnet, was large compared. to the next one, 1/20
second for the d-c generator's shunt flelds. The four others,
from 1/100 to 1/10,000 second were in the input and output
circuits of the Brown converter d-c amplifier. Hunting

did ocaur with a large voltage gain in the amplifier but
was eliminated by reducing the gain to about 60db., leaving

a phase margin®> of about 15°. The response time of the
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regulator to a step voltage input was about 1 second.

The flux regulator circuit itself had four main tinme
constants. The longest, a %00 second lead in the Miller
integrating circuit, vas inserted to prevent hunting in
the regulator. Two others, about'l/lO and 1/40 second
were in the émoothing network following theiphase sensitive
rectifier. The last one, about 1/100 second Waé‘due.té
the relaxation time of the protons being swept through
magnetic re.sonance by the modulation coils. With the
addition of the integrating circuit, a gain of about 45 db.
was allowed with good stability. |

| A good feature of the r-f head oscillator was its
small drift of aboﬁt 1 part in 10,000 over several hours.
Silver ceraﬁic condensers were used as trimmers and for
coupling of the oscillator coil to the air tuning.condenser.
This minimized theveffect of temperature changes on the
frequency of oscillation. Changes in capacity of the large
air condenser in series with the small ceramic couplihg
condenser were réduced in the ratio of their_capacities,
' ie. about 10 to 1. All components in the oscillator circuit
were:rigidly mounted in a heavy brass case to reduce vibra-
tion chaﬁges of capacity. The warming up time of this
oscillatcr.as well as that of a BC221 heterodyné.frequency
meter was about 4+ hour. |

‘The BC221 1s a calibrated, crystal-referenced, low-

pdwerloscillator fitted with an accurate vernier dial.

‘It Wés made for the U.S*mSignal Corps and bought as war
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surplus. The fundamental tuning range, arouhd 1 megacycle
has strong‘harmoniCS‘up to about 40 megabycles. Y chért,
calibrated with the instrument allows conversion of the
dial reading into frequency. An internal 1 Mc/s crystal
is provided for periodic checking.. After warm-up, when
battery operated, the oscillator drift was found to be less
than 1 part in 10,000 1in: several hours. Since the audio.
amplifier aupplied w1th the instrument for "zero-beat"
identification was too insens1tive, the outputs of thls
oscillator and the r-f head were coupled by means of co-
axial cable to the input of a Hallicrafters SX-62 communi-
cations recei;er. The zero beat was detected by first
tuning the receivér _ to one of the signals. Then by varying -
the other, the two signals were brought to the séme fre-
quency ("zero-beat") which was measured by the B.C.221..
Ear-phones were usﬁally used with the receiver as»the noise
level in the accelerator rdom was réther high.

(3) Accuracy and Stability.

The magnetlc field setting was held to
‘within a value set by the homogeneity of the field over
the search coil which determined the half width of the
proton resonance signals; The inhomogeneity of the field
over the search coil was about 1 part in 10,00 which gave
rise to a proton magnetié resonance signal width of aboﬁt

- 0.3 gauss. Therrelative accuracy for a field of 10,000
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gauss was + 1.5 parts in 100;000. The U.S. Signal Corps
'B.C.22]1 heterodyne freguency meter was used‘to measure the
r-f frequency continudusly to about 1 part in 10,000 so that
field settings could be repeated from day to day within
}this accuracye. The Hallicrafter SX-62 communication re-
| ;eiver allowed identification and zero-beating of the proton
oscillator and fregquency meter. Care had to be taken no£ 
to tune to the image of the signals at twicé the recelver's
- 1-f frequency, ie. 0.9 Mc/s above the de;iréd signal.® “
The magnetic field regulator was éhecked and was able

to maintain its accuracy for line voltage changes of 1+ 10%.
For sharp droPs in line'voltage-such as‘switching on the

two 15 h.p. motors of the electrostatic accelerator, there
was a drop in field accuracy for about one secohd. A

variac inserted in the a-c line to the.regulator equipment
was used for the check against fluctuating line voltage.

The regUlaﬁor still’funétioned at voltages down to about

90 volts. On the other hand, the'effectuof sharp drops

in line voltage was to change the magnet current more rapid-
ly than the regulatog could foliow. The regﬁlator was able

to recover field control usually within a few seconds,

by itself, with no manual re;adjustment needed. The good'
feéture was perhaps due to the long time constant (about

7 minues) in the compensating network, and the shofter

but inductive one in the Sola constant voltage line -regulator.
4, Vacuum Deflection BoxX. . (

A large éopper vacuum box, which was fitted in

- the one inch gap between the magnet's pole faces, joined the
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lower end of the accelerating tube tb the targé% tube.
Eight ports on this bdx provided for entrance of the ioh
beam at the centre or edge of the pole face, its exit straight
down, simultaneous exit of resolved mass’land mass 2 beaﬁs ‘
on one side or the other, and for exit of a single mass com -
éonentlon oﬁé side only. A ninth port allowed auxilliary
pumping byié small separate oil diffusion pump and rotary
backing pump. The box was provided as well with shut off
valves and a liquid air trap for condensing oil and water
vVapors. The whole target.box,which could be isolated from
the accelerating tube by a large vacuum valve for guick
change bf targets or target assemblies,was also provided“
with two vacuum gauges; a Pirani gauge registefing from
atmospheric pressure to 10=3mm, of mercury andfan ionization
gauge which extended the range down to 10'6mm.

Two hollow lengths of thick soft iron shielded the
accelerated proton beam from the fringing magnetic field
at the entrance and exit portg of the mégnetic box so that
consistent results were obtained when the beam entrance:

hole was suitably defined.

III. The Spray Current Stabilizer.

After the magnetic field had been stabilized to-a
high order it was required that variations in the energy,
E, of the beam be reduced so that a reasonable analyzed

beam intensity could be maintained on a target. As the

next step in the precision energy‘control of the acceleragtor
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the spray current was stabilized since. the accelerating
voltage, V, followed the spray current as can be seen in
figure 18.. For this purpose a simple ad justable cﬁrrent'
limiter was inéerted in series with the.high voitage spray
supply. The two tube circuit,figure 13,was inserted in
the high voltage lead. Large capacitive 60 cycle currents
prevented it from functioning préperly in the earthy lead
of the spray supply. An isblation transformer insulated
for 75,000 volts supplied the filaments of the two tubés
while a selsyn coﬁpled 5y means_of a textolite rod allowed
safe remote adjustment of‘the current setting contrbl.

The current limiting action of the circuit is that of '
a cathode followef, an Eimac 15 E, having a large cathode
resistance supplied by the pentode tube,”the 68J7. With
reference to figure 1% (a) and thé'equivalent bircuit
figure 1% (b), it can be seen that the total current, ip,

flowing into a cathode follqwer tube is given by

i, = B4 Me, = B+ MW -1 R)
B¥n T RE om0
=Bt My
B Qe+ 1, ° o (III.1)

where V is the grid voltage, fixed,
E is the plate voltage,
A is amplification factor of the tube,

r,. is the internal resistance of the tube,

P
Ry, is the cathode load resistance,

e. is the total rise in voltage from cathode to grid.

g
Therefore, if U 1, the cathode follower appears to
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have a resistance to d-c current of the order cf/Lle
ohms. With reference to figure 14 (c) when Ry is replaced
by an additional tube (here considered as a triode for
simplicity) then the total resistance of the circuit to '
d-c becomes of the order of/quéﬁl or exactlys:

iq :-Va + Ao
+(M2*1)Ip)l+(ul+ i) RH(III 2)

where the subscripts refer to the two tubes. When Ry
is made variable, the current i, follows it directiym

In addition to being abie to vary the equiiibrium |
current, this circuit tends‘to prevent any dynamic changes
of current from the set value because of the feedback from
plate to grid of tube #2 (Mlller effect) Consider the
response of the current ia to a sudden_fluctuation AVa,
assuming M1, Ay, Tp, and rpé”ccnStant:-

Alq = _AVa + Ao AV

2 (IT1.3)

- . 2
so thatAi ~ 0

In actual operatlonA 1, is not zero but A 1a/A Va )

the dynamic impedance of the circuit,is very high, of the
order of 10,000 megohms, which compared to the value of about
200 megohms for the rest of the spray circuit gives a

stabilization factor of about 50 to 1. The curves, figure

18 (a) and (b), taken with a Brown chart recorder, show-
the spray current before and after the installation of



2k,

this stabilizer. |

The spark gap in figure 13 was set at about 15,000
volts as a protection against pvér voltage on the'15 B
tube. Thus the spray could be varied + 7.52kilovolts
without alterihg the spray current appreciably, or with
the spray voltage céntrol fiiéd,'the spray current could
be adjusted femotely over a large range. This is shown
by the curves in figure 13.. The range of the current
stabilizer was from about 160 A amps to 300 _«t amps which
was sufficient to stabilize the accelerator's voltage

(with a positive beam) from about 0.3 to 2.0 MeV.

IV. Stabilizer for 2 Million Volts.

1. Need for the Stabilizer.

, With the installation of the spray current sta-
biiizér, the voltage_fluctuatiéns of the accelerator with
_a positive beam were reduced.from 4 to 6% to aboutll to
2% as shown by the curves inxfigure 18. These curves were
taken with a Brown Electronik strip chart recorder.whose
input of O - 10 millivolt range was fed by a small resistor
inserted in the generating voltmeteér circuit. A vernier

control consisting of a 10,000 ohm rheostat in series with
the 500 kilohm cathode rheostat (figure 13) was operated
by a reversing two;phase motor\aﬁd remote Switch,at the
.control panel to increase the stability to about 1%. This
arraﬁgement.required'someOne to operate the vernier control

almost continuously to maintain an adequate beam current
of resolved protons or deuterons on the target as the
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accelerator's voltage varied. The variations in voltage
were probabiy caused by the following:
- (1) Non uniform charging of'belt at bottom and
consequent flﬁctuation in charge take-off at tope.

(2) Changes in motor and belt speed due to line
voltage fluctuation.

(3) Unequalized resistor stack current due to
belt flap or beam striking the.inside of the vacuum tube.

.(h) Changes in ion source condition due to warm-
up or voltage fluctuations.

(5) Change in 1ehs voltages due to same causes as
in (&)
| (6) Ion beam defocﬁssing by striking the first
few acéeleratdr'tube sections and contributing'to (3) above.

Iﬁ the above (4) and (5) the volfage fluctuation in
the carbon-pile regulated 400 cycle supply in the top
terminal could be of the order of 2%. However rapid variations
in (1) and (2) were smoothed by the top electrode which
has a comparitively lqng time constant of about 3 secondéw
2. Modulated Rexéfse Electron Bean Voltage Stabilizer.t*

The:final i).r,'ecise._ voltage stabilizer used a
modulated revérse'electron beam controlled by anerror signal
obtained from the analyzed proton beam itself. A pair of
insulated slit jaws ("sniffers") defining the analyzed
proton beam was the source of the error signal which, after
amplification, controlled the intensity of the beam emitted
by the electron gun mounted at the base of the differential A
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pumping tube; With reference to figure 16, if the voltage
of the accelerator rises increasing the energy of the analyzed
proton beam, then the bottem "sniffer" jaﬁ receives more
current since the proton beam appears to be "stiffer",
(It is bent through a larger radius 6? o equatlon (II 3)).
The amplifier converts this current difference into a voltage
which reduces the bias on the electron gun's control grid
so as to increase the electron emission. fhis increased
electron emission continuing up the differential pumping
tube acts as an increased load to reduce the voltage of
the accelerator until the proton'beam is céntred between
the sniffér jéws. Conversely, if the accelerator's volt-
age decreases, the upper sniffer Jjaw receives moré current,
the émplifier passes an error signal of opposite.polarity
to the electron gun to decrease its emission, decreasing
the load and increasing the voltage of the accelerator.
until the beam is again centred between the sniffers.

(3) Iheory of Operation.

The‘accuracy.and stability of the above closed
loop degenerétive stabilizer depends on the gain_df the
system (amplification of error signal etc.) and the number
and size of the time constants involved in.the systeml5.
Since the field of the analyzing magnet is highiy‘stab;nzed,
its effect on the system time constants may be neglectéd

to a first order. A block diagram of the sYéfem,figure
15 (a),shows it to contain only two main time constants,
one .in the accelerator's terminal, Tj, and the other in
. the amplifier, TIs. T4 is about 1.5 seconds when the accel-
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erator is loaded with an ion bean, and}TB,is about 0.001 sec.
(10 meg. X 100 ;5uf); T, was obtained By noting the time for
the top terminal voltage to fall to 37% bf its value when the
spray was cut-off when there was no beam, and assuming that
the loading was doubled when there was a beam. The "gain" Ky
of the top terminal was estimated from a plot of the'top tef-
minal voltage versus the effectivelspray'current with a pos-
itive beam. K,=Al (sniffer beam current). M amp/A V(accelerator
volts), depended on the radius of the beam trajéétory,_the |
equilibrium value of the beam'current intercepted by the
sniffer jaws, and the separation between them. K3; i(=)/i(+)
was obtained from the performance data of the amplifier and
electron gun in operation. Bepresenﬁative values for these
are:: K, ~ 8,000 volts/ Mamps, Ks= 1 4L amps/1,000 volts and
K3x 20 M amps/M amps. -
The block diagram may be condensed into figure 15 (b)

énd analyzed (see appendix 1 ). It can be seen that since
there are only twé main time cdnstants,’having a ratio of about
1,000 to 1, that the system should not oscillate or huntls.
Then to evaluate the steady-state error, the equations of
the servo loop are written out as follows: ‘

£ =8 -E, (IV.1)

B, = Ka(s)& - ” | ' (IV.2)

Thus ~ F = KG(S)
- By 1 KG(S) ' 4 (IV.3)
But . Eg = KG(S) ' (IV.4)

£
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Dividing (IV.3) by (IV.H).glves.._%év - lﬁ}K TS, (Vs
where the abo#e symbols represeﬂt the LaplaCevTransforms
of the quantities and S ;,7f+jo,5 a complex number:

£ represents the error signal in the system,

E; represents the constant input quantity ( the
energy of the analyzed positive ion beam detegmined primari-
1y by the magnetic field setting),

Eé represents the fegulated output quantity
(the Van de Graaff accelerating voltage),

K G(s) represents the open=loop transfer function.

Now if a step function input E{(S) - e;®)/S is applied,
the steady state efror will be given by applying the "final-"
value theorem":l6 | :

steady state error (t ) - lim § e; (%)
s-»>0 S (1+K G(3))

=& (8),
K (IV.6)
Since the value of:K;::léO,:this steady state error
could proﬁe troublesome. However, because of the large
time constant of Tl’} S Tlisftd T1, is large compared to

1 for frequencies £)) __i _ , that is for f )) 1/10 or
. 21 Ty : . ,

£ ) 1 cycle/sec.; In this case, !KG(S)= K/ST] so that
for any variations having a period less than about one
Second, the system behaveslaé if it has zero steady-state.
error due to this integration around the loop (appendix 1 ).

,iThe theoretical uppér limit of accuracy.of the:system:
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(about 100eV) is less than the practical limit set by the
conditions listed in chapterXVI. The above linear servo
analysis holds (and is borne out by the performance of
the system) so long as the total fluctuations in the accel-
erator's voltage are not too large. The spray current
_ stabiliZer serves to keep the fluctuations small and the
range of the present reversevelectron gun current is also
adequate until the generator voltage approaches 2 MV,where
the fluctuations at times are too large for the system to

handle well.

The élit assembly,‘figure¢19;consisted of.é
pair of»semicircular 0.005 inch thick molybdenum plates
spot welded to nickel leads. The leads were soldered to
hollow kovar seals which were mounted in a vacuum tight
flanged brass tube section. This was attached to the proton
exit port of the magnet vacuum,box. The slit width was
usually set at about 1/16 inch but was used at %+ inch

15

spacing for some of the fifst resonances in N°7. . (A more
easily adjustable set of slits had been msde up in a glass
section but wefe not used in most of the experimental

work because .of a fracture in the glass). ‘

A set of insulated slits mounted at the mass 2 exit
port of the vacuum‘box was tried at first and did provide
ah error signal for stabilizing the proton beam when a
reasonablé focus of the mass 2 beam was obtained. However:

" since it was difficult to maintain a good focus of the

mass 1 and mass 2 beams together, and also because of the
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small mass 2 éurrent, this method was abandoned in favor of
the proton sniffers.

(5) Differential Amplifier.
The differential amplifier consisted of two

65J7 pentode‘tubes operated with a common cathode resistor,
figure 16. The input current.fluctuations from the sniffer
jaws were qonnected to two‘lO megohm resistors in the control
.grids of the tubeiwhile the output of the amplifier was
taken from the two plates and fed to the reverse electron
gun control grid and cathode. A 0-1 milliampere meter
in the plate circuit of the #l1 tube showed the total emission
current of the electron gun filament as well as indicating
by its random movement that the amplifief was receiving an
error signal. A conventional‘unregulated power supply.
supplied 1,500 volfs to the voltage divider for the ampli-'
fier and electron gun operation.

The 6SJ7 tubes were selected for low residual grid
current,and high mutual cohduétance and then matched in
the circuit for equal plate currents. d-c coupling was
needed throughout the circuit to,handlé‘slow drifts as well
as rapid variations of accelerator voltage. |

(6) Reverse Electron Gun.

A four-elegtrode electroﬁ gun was built to de-
liver up to 50 A4 amps of electrons with apout 1,500 volts
for acceleration initially. The gun, taken from a 5AP1
cathdde ray tube,was modified by enlargihg the lens apertures

énd inserting a hairpin tungsten filament as cathode.

When tested on a small vacuum system it produced an electron
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beam of about 10 (amps focussed to a 4 inch spot at a
distance of 37 inches. The final anode current was found
tb be proportional to the electon beam current so that
a meter installed in the final anode lead (and therefore:
at earth pgﬁentiall indicated the reverse electron beam
current that was sent up the accelerator tube.. This meter
was the only part of this and the amplifier circuit that
was mounted at the accelerator control panel..

Thé electron gun was spof welded to nickel leads
which were soldered to:kovar seals on a brass basé plate.
The filament of 0.010 iﬁch diameter tungsten, spot-welded

to nickel leads,was mounted with its two kOvar seals on

a-separate small brass plate fdr ease in centering and re-
placement. .Thils is shown in figure 17. The curves shown
were taken on a test bench with the differential amplifier
and the electron gun. The whole assembly was mounted

at the base:of the differenﬁﬁal pumping tube of the
accelerator. A variac in the primary of a 2,500 volt in-
sulated filament transformer allowed.édjustment of the
filament current to about 7 or 8 amperes at about 2 volts.
The total electron emission current amounted to about %
of a milliampere of which up to SO‘/uamperes-reached‘the
top- of the accelerator. This latter . -figure was calculated
from the drop in accelerator voltage as a result of this

emission loading the accelerator,and a curve of accelerator

voltage versus spray current. When the gun was switched
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on, the acceleretor voltage dfepped about'3QO kiiovo%ts in
1.5 MV A one megohﬁ potentiometer across a 90 volt battery
prov1ded a bias voltage for the electron gun grld for deter-
mining the equilibrium value of electron emission. The
focus voltage was left constant at about 250 volts with re-
spect to cathode for best operation. Repfesenﬁative values
for the electron gun's operation on the aecelerator are as
follows: :

Accelerator voltage 1.11 X 106 volés.

Spray current 150 M amps.

Positive ion eurreht 7 M amps.

Resolved proton beam 4%  yamps.

Electron gun

Filament current .8z4 © amps.
Bias setting -50 éoltsf
Total emission. l,OOO' M anmps.
Final anode current - 8 A amps.

Electron beam current (approk.) 10y amps.

This reverse electron beam, eecelerated By up to 2
million volts, could produce many high energy x-rays if the
'electfons were stopped at the top terminal by a material of
high atomic number. Therefore a low atomic number metal; a
plate of aluminum, was used as a stop for the electrons. 1In
addition the top of the terminal above the alumihum plate was
surrounded by about 6 inches of lead to absorb the xX-rays that
were gnerated there. As a result, the x-rays from the accel-
_erator at 1.5 MV, as measured at the control panel, increased

by only about 107 when the electron gun was in use.,
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V. Voltage Stability and Control. .

The University of British Columbia Van de Graaff accel-
erétor has been ih use in nuclear physics reseérch since
the summer of 1951, in various stages of stability. For
example, for the production of high energy j(’-rays onlyz,
from nuclear reactions, little voltage étability is needed
provided the thickness or stopping power of the target
(see part II); producing the j(/rays is equal to or greater.
than the inhomogeneity in energy of-the.beam. For such
»éxperiments, the resolving magnet was not used 50 as to
_getvthe'largest possible beam current. About one percent
stability was obtained by using the resolving magnet with
fairly wide slits and a manually operated vernier spray
current control. There :were periods, after tﬁe accelerator
had been running continuously some hours, when the voltage:
remained within about 1 to¢2% wifhout manual readjustments:
A lohg series of runsl7 were‘made with the accelerator
béing used as a continuously variable monoenergetic source
of neutrons from the reaction ﬁz(d,n)Hl. For a part of
these runs an electronic "eutter" device was used to stop
‘the counting'circuits when ever'fhe volfage fluctuated
enough to decrease the lon current to the target below.

‘a certain value. This prevented neﬁtronslproduced where
the main beam hit the target box from interfering with
the reaction under investigation.

%The above experimentél work provided a long term test
also of the stability of the field of the 90° analyzing

magnet,which was to form an integral part of the precise
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lon energy control system. _The magnetic field stability
was even suffiecient when cqntrblled by its current regulator
only, with the proton magnetic resonance equipment being'used
for spof measurements of the'field. |

On addition of the precise ion energy control system
using the modulated reverse electron beam the stability
was brought to within about 0.1% so that more precise ex-
périmental nuclear physics research could be done. AlﬁOSt.
no adjustments were necessary once the beam had been set.
‘and focussed. Even the iﬁitial(adjustments necessary for
_good.focussing'ofrthe beém wereAmade very nuch easier -
since the automatic.féature of'the beam centéring not only
kept the voltage of the.accelerator constant but aiso
held the beam on the taréet (or quartz or molybdenum disk)
during focussing. Before this time, focussing was made
difficult by the interaction of . the lens, probe, hydrogen
gas‘leak and oscillator controls with the accelerator's
‘'voltage. The modulated reverse électron beam for staﬁilizing
the acéglerator's voltage was able to compensate f;r all
the variations that were mentioned previbusly.

11,Mglacing the Stabiiized Beam on the Target.

Thebinitial adjﬁstments of thevaccelerator fof"

.obtaining a stable'analyzed beam were as follows:- First
a veréiéal beam of about the desired énergy was obtained
and focussed approximately by letting it traﬁel straight
down through the vacuum box intoka small Earéday cup.
Then the magnetic field was set to the_pr;cise value for

bending the protons of the desired enerfy, the reverse’
electron gun was turned on and the accelerator's voltage
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adjusted until the beam "locked-on" in the horizental di-
rection to the target. When taking the error signal from
" insulated slits defining the atomic beém,'care had to be
taken in order that the stabilizer did not "lock" on to
the mass 2 or mass 3 beams. The modulated reverse electron
guh was able in most ;ases to maintain the beam stable
for fluctuations in accelerating voltage as great as 300 KV
in 1.2 MV. Small fluctuations in accelerating voltage,
weré held automatically to within about“O.l% depending on
the focussing condition and arrangment of the slits snd
apertures defining the beam. A s§o£ about ¥ inch in diamefer
was obtained at thé'target, about 27 inches from the magnet,
when the sniffers were about 1/16 of an inch apart.
.72, 0ne-dial Adjustment.

The oscillétor tuning control, alone, now pro-
vided the fine accurate adjustment of the accelerator's
large as about 100 KeV., That is at any veoltage setting
from 0.34 to about 2 MV the accelerating voltage was not
only homogeneous to about 1 kilovolt, but was also changed
repeatedly at will in steps of about 1 kilovolt above or
below any desired value. The lower limit was set by the
mechanicel arrangement of tuning‘theoscillator; the upper
limit by the maximum electron gun emission. In addition,
the accelerating voltage and thus the energy of the bombardiﬂg
particles was obtained precisely at each step by measuring |

the proton magnetic resonance oscillator's frequency to-
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gether with the relation obtained by -combining equations

(II.3) and (II.8)

v :.., e {}?‘*{]2
. 2me? Yp

, (V.1)
2 - -
| V(MV) = k fp (MC/S)' , . (V.'Z)
’ where k = _e 42'27T MV
om jrb' Mc/s . (V 3)

k was determined experlmentally as discussed in part II.
The magnetic field regulator and the over all accelerator s
stabllizer operated together as follow-up servo systems in |
response to changes in the frequency settlngsu
. The follbWing procedure was used to change the volt-
.age accurately in kilovolt steps:ﬁ
(1) The oscillator fre@uency was measured by.

zero-beating.with'the B.C.221 heterodyne ffequency meter
(using the Hallicrafter's communication receiver to pick
up and 1dent1fy both signals) |

"~ (2) The B.C.221° was 1ncreased in frequency by
an amoﬁﬁf z}fp equivalent to the voltage step desired,

from equation (Va.2)

£,Q - Ay s
or Afp(ﬁc/s)’ - AV (MY S
: : v (Mv). (V.5)

(3) The Hallicrafter's receiver was tuned to
this new freqﬁency, (set at C.W;), then set to receive
AM. |
(%) The selsyn's remote tuning dial of the proton
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magnetic resonance oscillator was adjusted carefully until
a zero-beat was heard. | |
(5) The oscillator frequency was re-checked by
zero-beating with the B.C.221 and recorded.
(6) The acceierator's voltage was determined .
by equation (V.2) once k had been determined.

In going over “y-ray resonances for an excitation
curve, a reading of counts at the point was started after
(4) since the magnet and accelerator stabiliziﬁg systenms
respond_almost immediately. The time required to carry
out (1) to (4) was about 30 seconds,.while (5) which required
aboﬁt the same time was carried éﬁt during the taking ¢f

Y -ray counts. It was possible for one man to operéte
the complete accelerator and take readings for an excitation
function but help of an asSistant made the task somewhat
easier and allowed immediate plotting of the function.

For excitation functions, having resonance half-widths of
the order of 1 to 15 KeV, the oscillator control was quite
sufficient to vary the accgleratofﬁs voltage over them.
Then as the voltage was increased 5y more than this amount,
the current settihgvdial (of the Rubicon Potentiometer)

of the magnet was increased a small amount; and the above
procedure repeated.

The stability of the voltage was demonstrated during

each experiment by the ability to repeat points taken on

a resonance curve (within the statistical érror of the
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measurement) and to take readings between two points taken
previously. Thisvcan be seen for examplexon the 873.5 KeV
Fl9 resonance curve,figure.21,énd on most of the other
experimental curves that were taken. In one particular
case,»the resonance peak of an excitation curve was repeated
on different days within a few parts in 10,000 (of the

frequency measurement). All curves could be repeated on

different days within a few parts in a 1,000.

VI. Homogeneity of thévBeam and Energy Resolution.

Homogeneity in bean ehergy of about O.l% was obtained
at voltages up to 2 MwV. The best homogeneity could be
obtained however only with low beam cﬁrrents and consequent
lpng times being_required for a given experiment. The
‘factors which contributed to good homogeneity with fairly
good beam currents were found to be’the following :=

(a) A strong well defined parallel beam entered
the magnet vacuum box.

(b) The beam was centred and defined by a small
apérture at the magnef vacuumvbox entrance port. .

(¢c) A pair 6f shims at the entrance port of
the vacuum box was adjusted to obtain the best focus of
the resolved beam at 90° in the horizontal and vertical
direction.

(d).A second pair of defining slits were plgced
at the 90° focus. This pair had its jéws insulated and

provided the error signal for the ion energy control system..
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(e) The beam was shielded magnetically with
hollow éoft.ifon cylinders from thevéhanges in fringing
field as the magnetic field was varied.

Conditions (a) and (b) were obtaiﬁedeith care for the
calibration»and flubrine excitation function experiments.
However since only one sef_of‘adjustable shims was avail-
éble on the magnet pole pieces some compromise had to be
made in the focussing cdﬁdition (e). In addition, the
cylinder of soft iron at the exit port made it difficult to
place the insulated slits close to the magnet box. But

by caréfulﬁadjustment, a fbcus was obtained near the in-
sulated slits and once obtained, was held by the control

system for periods as long as 4 or 5 hours at a time.

-lvaeém Homogzeneity.

w On the assumption that the sﬁread in -energy
~of the beam can be represented by a Gaussian curvel8,
then the experimental "half-width" of a resonance curve
for a thick or semi-thick target, where ”Ea ),rjis made
up of . | 5 T o | 1 :
| r;xp.; [_12+ AE o (VI.1)
Or for a thin target, that is one where ég -(_'[1 ,

I—'xp_/_.-' +AE+€ (V1.2)

wheres: [_pr is the experimental full ‘width at half max-

imum observed on the resonance curve yield_of ]rf-rays_
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plotted versus energy of bombarding particle,
| A E is the energy inhomogeneify of the beam,
-r1- is the width of the resonance due to the phyéical
nature of the nuclear process (see'part IIi), | |
| Eg is the loss of energy of the incident particle in
travéising the target, le. the "thickness" in enérgy units. _This

‘will be reférred to as the "stopping power" of a target, although
in normal usage this would‘be the dE/dx of the material.

R Since published Wvalues of r1 obtained expe:c‘imentally'20 are
available in‘the literature, /A E may be inferred from equation.
(VI.1) or with less certainty from equation (VI.2). However
it is never certain that the published value’of f1 répresents
the "natural’ width because of difficulties in the calcula-
‘tion of A E. For examp'le, the value for r‘ for the 873.5 KeV
fesonance in F19 had been given as-5.2.Kerbut a recent paper
by Bonner and Butlert? claimed an experimental half width of
4.3 KeV. They used a very thin LiF target (100 eV) and
stated their beam energy spread WAS 0.08%. ‘Since fhe exper-
imental values obtained on thick and semi-thick fluorine
targets in this laboratory forl;;ﬁ were always less than
5.2 KeV it was assumed that the fq‘was'of the order of 4.3 KeV.
Therefore assuming Bonner and Butler's value for target
thickness and beam homogeneity would‘give a value of L, 24 KeV
for [-| s then sﬁbstituting this in equation (VI.l) with the

f;;p of 4.7 obtained frem a thick CaF, targef, gi&es for

the beam inhomogeneity::
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4,72 - 4,242
2.0 KeV ., .

AE

This amounted to an inhomogeneity of about j:.l;O KeV in
873.5 KeV or j:'0.12%. This also was. checked at 340.4 KeV
with thin targets and waé further borne out by the energy
resolutibn obtained on the 873.5 KeV satellites and the
- 1355 - 1381 KeV doublet resonances.
A further check of thevhomogeneity.was obtained by

‘a run over the 873.5 KeV flﬁorine resonance at 200 - 300 eV
intervals on a thin target,figure 21 . The scatter of the:
points at these intervals, smaller than the homogeneity

‘of the beam, was of the order of + 1 KeV,

2. Energy Resolution.

A1l the published Yy =-ray resonances from 0. 3404
t6}2.0 MeV in the proton bombardmeht of fluorine were ob-

served and compared well with the good curves of Bonner

et al21

a1°%® ot the University of Wisconsin. The two weak sat-

at the Rice Institute, Texas, and of Bernet et

ellites of the very strong 873.5 KeV resonance were resolved

as well as the 1.355 and 1.381 MeV doublet. Table 3a

lists pubiishéd résbnance energiés,:c;oss sections and

half widths for the Y -ray resonanceéldf fluorine together
with the experimental half Widthé-obtéined with the Uni--
#ersity of British Coiumbia Van de Graaff accelerator for -
cbmparison. The two'newvresonances'defined during the

author's work are also listed there-and discussed later.



Table 3a.
20

Fluorine (p, & Y ) Resonances®

Resonance | Cross section, Half Width, U.B.C., Sept.-Nov.,1952.
Energy ‘ x
VER(MeVS }qg' X_lOthmz rj(KeV) 7 r;xp(KeV) éz(KQV)
0.340k% - 0.16 . 1.7 3.3 2.1
L1486 Y 0.032 {2.0 2.4 1.6
.598 0.0071 37. 35, 1.1
669 ~ 0.057 7.5 7. 1.0
.831 0.019 8.3 8.2 0.8
.8735 0.5% 5.2 4.3 0.k
.900 0.023 4.8 L.,0 1.0
9353 0.18 8.0 8.0 . 1.0
1.092 Yy 0.013 £1.2 3.5 0.9
1,137 - 0.015 4.1 4.5 0.9
1.176 0.019 ~130. broad _—
1.290 0.029 19.2 . 28, 0.8 -
1.395. 0.089 8.6 5.6 0.3
1.381 - 0.30 15. 13.5 0.3
1.22’ - _ _ .
1.69 — 30. . .
1.84% | — ,. — —
1.9% _ 15. _ —

. tNNew resonances.

*Approximate target thickness for protons of energy Ege
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VII. Future Operation of the Accelerator.

The present arrangement of the accelerator with the
above ion energy control #nd stabilizing system operates
well in the low voltage region around 300 KV as well as
up to 2 MV. However careful initial adjustmeht was re-
quired for good operation at 2 MV since the x-rays produced
by the reverse electron gun and secondary emission in the
vacuum tubes had a tendency to cause voltage breakdown and
instability of a much larger order than could be‘handled |
by the automatic stabilizer. Because of the increased
production of x-rays above 1.5 MV, the intensity of the
reverse electron beam had been reduced, which reduced the
range éf voltage fluctuations over which the stabilizer
"could control. As a result, around 1.9 MV, ogccasional
manual adjustment of the spray current was necessary.

By reducihg the electron loading in the vacuum tubes
and by installing the intermedlate shield electrode, the
accelerator should be capable of operation up to 3 or 4
MV. Two or three aluminum baffles with about 2 inch diameter
apertures insérted in the vacuum tubes could reduce fhe
electron loading without seriously affecting the pumping
speed of the columns. If, at the same time, an overhaul
of the columns allowed a better vacuum by sealing off any

minute leaks it would reduce the tendency to spark from

ionization of residual gas and would allow higher voltages

to be maintained. The intermediate shield electrode (shown
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in figure 1), has:notibeeniinstalled to date because of the
inconvenience in 1ifting it each time during the initial
periods of adjustment to the units iﬁ the top terminal.

If the'loading from the reverse eléctron beam proves
to be excessi#e above 2 MV, there are alternative devices
which could be substituted as the control elemént in the
étabilizing system. The éimplesf would be to use corona
control®? by means ofznhighVVoltage triode (25-50 KV).

The triode's plate would'bé connected to a corona point
vfacing the“high’voltage electrode of the accelerator while
its grid would be cdnﬁrolled by the sniffer jaws plus
amplifier.v‘The great disadvantages of this system are

the increase in corona and ionization in the insulating
gas surrounding the machine and the slower response due
to the lower mobiiity of the ions compared to that of an
electron beam.

A more elegant device®3 uses an insulated "tank-liner"
surrounding the machine but inside the pressure“tank. A |
high voltage Supply connected to the liner would be con-
trolled by the'error‘signal from the sniffers so as to.
vary the 1inef to ground potential to correct for accelerator
voltage variations. This device would operate as fast,

-as the reverse'électroh gun. |

| Since a large body of nuclear physics research was
made possible by the homogeneity of the beam and energy
resolution achieved with this_accélerator in the energy

range up to 2 MV, it was not felt that further development
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should be pursued for the time being to extend the voltage

limit by reducing the electrbn loading of the accelerator

tﬁbes.
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Part II.

Voltage and- Energy Calibration.

VIII. Measurement of High d-c Voltage.

1. Measuring One Million Volts.
Greatest ﬁrécision'is obtained by measuring the

; electrostatiq field produced by thé high voltage. For example,
in a methpd'due“to Lord Kelvin, the force on an electrode -
-in the field is balanced by a measured‘Weight.  Howevér, the
forée is proportional to thé sqﬁare of the field strength,
. é;,, since from Coulomb's law, F ;.constant X d145 where qp
and 4oy both'proportionai to:éi,R, are the chargé on the
high pptential and meésuring.electrodes;f'A linear electro-
static voltmeter,'the generating voltmeterzs, described on
page 46, prOducés a small pulsating current éroportional to
 the field. Thé range of this instrument can be extfapolated
within 1% from a calibration at low field strengths.

<A qélibrated resistor stack in o0il, to reduce corona,
is used on moét rectifief sets. However, the voltage and
temperafuré coefficients of the metallized or carbon resistors
usually used, preclﬁdes accuraciesof better than a-few per
.cent25a.» More .costly and iarger wifé-wound resistors can .

imprdve this. . ,
7 A less accurate but still useful method makes use of -
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polished spheres which are attached to the potential terminals.
This sphére;gap\methdd, relies upon measuring the distance
between the spheres of known size (and at best under known
conditions of humidity and temperature of the surrounding
air) when spark breakdown first.occurs27. Measurements
_to about 5% are pdséible by referring to published calibra-
tion cufves although the offiecial curves changed by 10%
from 1934 to 1936. ’ ' | |

2. Ihe Generating Voltmeter.

A more accurate and reliable method makes use
of a "generating voltmeter"zs. This may cohsist of two
segmehted disks, one fixediand insulated, the other attached
to the rotor of ah .electric motor. When this arrangement
faces a high potential electrode sp‘ﬁhat the insulated b
segments are alternately exposed and shielded from'the
high potential, the current which fiﬁws thrbugh‘an externél
circuit conﬁected to the insulated segments is diréctly |
'proportiohal to the voltage of the high potential electrode.
More specifically, if C is the capacity between the insu- -
lated segment and the high’ﬁotential electrode and V the
potential (to be’ﬁeasured), then if the motor rotates n .
times.pef second, the current I induced ih an external |
circuit will be prOportiohalito 2CVn or: /

V=K. . S (VIII.1)

Therefore if n is kept constant, the voltmeter may be

calibrated at a low voltage and then used to measure much

highef ones. The first calibration of the E.B.C. accelerator
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was done by applying 50 kilovolts to the terminal and
reéding the small current in the external circuit, .It was
found that although absolute accuracy of this arrangement
was within a few per cent, the réiative accuracy over éhort_
and long periods wasrgood to aboﬁt 1%. A generating volt-
meter as above with a pair of 6H6 diodes and d-c galvano-
metér provides a continuous ;easurement (within the above
limitations) of the voltage of the U.é.C; accelerator.
However for more precise measurements, it is more convenient

to measure the énergies of charged heavy particles that

have been accelerated by the high voltage.

IX. Absolute Measurement of Energz of Heavy Charged Particles.

1. Magnetic‘Deflection,
This method of bending charged particles in a

magnetic field in vacuum involves the accurate: measurement
of H €“ - (equation IL.3). This measurement is subject to.
errors'because of frihging field effects for which accurate
corrections ‘are difficult to obtain. The equations of
motion of charged particies in a magnetic field are relativ-
istically correct, That is, equation IL2may be written

és: |

| 2 2 % |
He =zmge = (E mall L B, o (mxa

wheré E, m areiﬁhe relétiviStic kinetic energy and mass
respedtively of the particle and my is the rest mass.

For protons of energy up to 2 MV, the relativistic correction
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to the momentum is less than 1 part in 1,000,

Method .of Herb,: Snowdon_

" and Sala).

'. This method of using an electrestatic field
for bending charged particles allows_for accurate correc-
tiens to be applied for the effects of fringing fields
on the‘particlesuentering and leaving the defle¢tor. The
new scale for proton \Y/;ray resonances and proton-neutron
thresholds was established with the aid of accurately |
made electrestatic deflectors, fifst,by A.0. Hanson and
D.L. Benedict25 to 0.3% and more recently by R.G. Herb,
S.C. Snowdon and O. Sala26 ‘0 0.1%..

An exact analysis of the operation of the 90° curved
deflector by Warren et al29 was applied by Herb to achieve
this accuracy. The two plates were maintained‘at potentials
up to 15,000 volts symmetrically above and below ground
to minimize acceleration and deceleration effects. ?23
potentials were obtained from stacks of 500 volt batteries,:
whose potentials were measured carefully and accurately
with a standaed cell and‘potentiometer@ Corrections were
applied for battery drift, and 1eakage ae'well as for
geometrical, electrostatic and magnetic effects in the
arrangement. Then, fof an ideal analyéer, considered
to have an electric field determined inside by the simple
equations for concentric cyllnders and to have zero field

outside, the relatlon that holds for the 1deal path (where )
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the radius equals the geometric mean of inner and outer

¥

radius of the analyzer plates) is::
| W o=V, (1 -)Q% . | (IX.2)
Wheres; . ' R
| 3V' is the positive battery stack voltage (negative
stack ié of the sgme magnitude). |
| iVO is the voltage through which the protons have been
‘accelerated. | \
o} ié the plate separation.
b is the arithmetic mean of inner and outer radii.
| ‘% = e Vy/ ”(2m002) = Vo (MV)/ 1880.
- The entrance.énd.exit planes of the deflector were defined
by slits which also limited the extent of the electrostatic
field. Corrections were also made for the.effects of the
finite slit widths. In the hands of R.J. Herb, this method
of measuring high voltages from particle energies has proven
to be one of the most accurate and reliable to date.
3. Other Methods.

Severai other methods for measuring the energy
of charged particles have been uéed, bﬁt none have exceeded
the accuracy of thit of Herb et al. One method however,
involving the measurement of the velocity of the partigles
by timing3o (where actually a frequency is,measured)rhASS
given an independent confirmation of one of Herb's deter-

minations, the Li7(p,n) Be’ threshold at 1.882 Mev. 4
secondary and less accurate method used in the early days
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of particle accelerators involved the measurement of the
visible‘range in air of the particles. DBesides this,
secondary determinations of energy may be made from ion-
ization measurements in gases, heat and count of particles
in a calorimeter, scintillations and even statistical

scattering measurements..

X. The Importance of Accurate Energy Calibration for Nuclear

Physics.

In the experimental investigation of a reéction of
transmptatidn such as::

X4+ a—> Y4+ b+ Q (X.1)
this = symbolizes a particle, a, bbmbarding a target nuéleus,
X, (assumed at rest) to produce a resultant nucleus, Y,
with .the emission of another particle, b. Q,"the reaction
energy balance," represents the energy invoivéd in the
reéctibn. TWo generalizations can be applied to this re-
actions:: |

(a) Conservation of momentum (linear and angular),

o (b) Conservatioﬁ of mass-energy.

If the reaction is endothermic (endoergic), then there
exists a "threshold" value for the energy of the bombarding
particle, a, such that the reaction Just takes place.
In this case Q 1is negative, . .

Q = kinetic energies of (Y+ b) - kinetic

~energy of a, o (X.2)

vwhich from (a) and (b) represents the net increase in |



51.
kinetic energy in the centre of mass system of ¥ plus b
or the net decrease of rest mass in the reaction, from
Einstein's energy and mass equivalence félationa‘
* AE = Amc'2 | (X.3)

That is @ =(M 4+~ M -M - M ),02, (X.1)
X a y b -

where the M's represent the rest masses of the respective

reactants aﬁd& ¢ is the velocity of light in vacuum. Thus

from an exact knowledge of the threshold of an endothermic

reaction the precise.Q value can be determined from only

approximate mass values.. Again if the kinetic energy of

b is also determined, for emission in some part@pﬁlar di-
rection, then both in exothermic(exoergic;_positive Q

vaiuesﬁ'and,endothermic reactions the Q value may be fixed.

In addition, from accurate @ values, accurate mass differences

may be calculated from the mass-energy balance, and since

one MercorreSponds to 1/931 mass unit a @ value accurate

to one KeV corresponds to a mass difference accuracy of

nearly one part in lO6 which even to;day is at least as.

good if not better than the best precision achievable with

mass spectrographs. By choosing a series of inter-related

nuclear reactions it has been possible to build up an
excellent set of mass values for the light elements based
solely on nuclear reaction data3l.

As an example coﬁsider the following data of Taschek

et a132 for the reaction T3(p,n)He, which is a shorthand
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notation for the proton (p) bombardment of trifium (73)
which results in the formation of helium-3 (He3) plus a
"neutron (n). This may aléo be written as: '

B+ HE — B+ n+ Q. (X.5)
In addition, tritium is radioactive decaying to helium-3
plus an electron () plus a neutrino (M)j;;

13 — He3 + B + U4+ E, , (X.6)
where Eﬂ',is the maximum kinetic energy the electron ("beta-
~ray") carries away. If the rest mass of the neutrino is

assumed to be zeroﬁ

y then by subtracting equation (X.6)
from (X.5) where the symbols are taken to mean the atomic
masses of the nuclely the neutron - hydrogen mass difference
méy be obtained quite directly:

n -8 - (13- He) - @ - (X.6a)

= E,, - Q. | (X.2)

Ep is known with an uncertainty of about one KeV. Taking
Herb's value of 0.9933 KeV as the energy of the strong
Alz7ip5‘{') Si28 resonance, Taschek determined the thres-
hold for reaction (X.5) as 1019 + 1 KeV. When corrected
for the centre of mass motion this threshold yielded a Q
value 6f - 763.7 + 1 KeV for the reaction.. Taking the

value of E p = 18.5 KeV for the end point of thef(i-ray

¥ S.C. Curran, J. Angus and A.L. Cockcroft, Nature, 162,
p. 302 (1948) conclude from a study of the tritium A-ray
spectrum that the neutrino rest mass must be less than
0.002 times the rest mass of an electron.
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spectrum from the decay of tritium, then from equation
(X.7) v
| n —H . 782+ 2 Kev. ) | (X.8)
This value was 28 KeV higher fhan the previously accepted33
value and approximately'QO'KeV lower than the then recently
determined value of Bell ahd‘Elliot3h, but was in agreement
with the revised figures of Tolléstrup et al35.

From this it'is ciear that the fuhdamental»mass difference
between neutron and proton can be accurately deduced so
long as a reliable absolute energy scale can be provided
‘from which accufate threshold measurements méy be made.
In this connection it may be noted that up till 1949 an.
erroneous energy scale, based upon the Ei7(p,‘x’)Be8 res-—
onance at 440 KeV, had been accepted. -

Historically, the above Li7(p,7{’XBeB resonance_energy
Was‘determihed by Hafstad et a12% 1n 1936 with reference
to the voltage of their Van de Graaff’acceleratér. Their
accelerator had been calibrated up to 500 KeV with a”
potentiometer and high voltage stack of resistors. This
fixed voltage point, 440 KV’jt 2%, after confirmation by
several othér experimenters§61edrto the adoption of a
standard voltage-energy scale in nuclear physics. However
as the experimental data and theoretical knowledge of
nuclear physics increased, it was realized that thé choice
of the lithium resonance'enérgy value as a calibration

point was an unfortunate one for twe reasons. The first

~was that the voltage scale was too low by about 1.5% due
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to errors in calibration. The second was that the resonance
energy value had to be corrécted for the continuous yield
above resonance, a factor of about 1 KeV. These errors
were pointed out as a result of the different investigations
in nuclear physics concerned mainly with the neutron-hydrogen
mass difference. This is the fundamental quantity involved
in all mass-energy determihafions. The erroneous low energy
scale however persisted until January 1949 when the important
‘results of R.E. Herb, S.C. Snowdon and O. Sala established
the now accepted voltage and energy scale.

- While at present no satisfactory nuclear theory exists
which can predict the positions of nuclear energy levels,
it is important to‘establish the existence and accurate
position of such levels from measurements of resonance
maxima even if only to seek regularities in the positions‘
of suéh levels by‘inspection. Such a phenomenological
approach vas usefui in atomic spectra and is beginning
to 5e of use in nuclear physies, although at present it
is the order of magnitude of.level separation which has
significance rather than the exact energy of the "excited"

states§7

XI. Absolute Voltage and Energy Calibration..

Calibfation,of the voltage and energy scale of the
U.B.C. accelerator was carried out with reference to the
absolute voltage determinations of Herb et al. This,
rather than an independent absolute determination, was used

because of the reliability of Herb's values over the past
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L years. In addition, it was}felt that this calibration
would be more accurate than one based on the calculation
of H e in the analyzing mégnet for o -particles of .
known energy for the reasons given in chapter IX, =% =.
'Herb, Snowdon and Sala26 made three absolute voltage
determinations based on the éonstants of a large electro;
static ganalyzer. These determinations (in abselute volts: .
rather than international volts) stated in terms of the
resonance or threshold energy of three different nuclear
reactibns ares: ‘
| the Li7(p,n)Be7 threshold | 1.882 MeV (XI.1)
an.A1?7(p,“g’)8128‘resonance 0.9933 MeV |
a Fl9(p"0(*,‘}/)Qié-resonance 0.8735 MeV
The uncertainties in fhe measurements are given to be about
0.14. The determinations were carried out by bombarding
~in turn carefully prepared thick and thin targets of matérials
 containing fhe above elements and noting the yield'Of
neutrons or —Y -rays as'the"energy“of the incident protons
was varied. The author of this theéis éarried out a similar
‘brocedure in the calibration of thé U.B.C. accelerator,
‘with the eiception that the above fixed point of 0.8735MeV-

| was used to calibrate the magnetic analyzer,

XII. Calibration of the University of British Columbia

Vanvde Graaff Accelerator..-

A number of determinations of the fluxmeter fréquency
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at which the peak of:.the: reaction in fluorine at 0.8735 MeV
occurred were carried out to find an experimental value
for k from equation (V.2); -
k = Vmillion volts . (XII.1)
fp (megacycles/sec.) ,
l. Preparation of Targets.

i Thin and semi-thick fiuorine targéts were prepared
- in vacuum by evaporating CaFs on to clean polished copper
Hbackings. They were always ekposed to air before they

were used. Very thin targets of a few hundred angstrom -

units thick, were desirable to keep the experimental width -

of the resonance curves as small as possible for'several
reasons.

(1) A sharply peaked, narrow resonance curve
defines the energy of the bombarding particles more closely
than a broad topped, wide curve.

(2) The inhomogeneity of the broton beam and
the stopping power of the target can be estimated more\.
¢lésely when they are small compared to the widths of the
' resonance curves. |
| (3) The natural half-widths (width of the resonance
curve of half maximum) of the resonance curves can Eé_calcu-
lated with greater reliability.

| - (4) The fluorine reaction gives a large yield
of Yy -rays so that well defined curves may be obtained
from very small amounts of fluorine.

- 2
It has been calculated that 3 to 9 micrograms per cm..
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of CaF, have a stopping power of ¥ to 2 KeV for protons
if_of about 1 MeV in energy. Taking the density of CaF,,
d - 3.18 gms./cm%, then the thickness of a layer of lQ/xgms./cm?
'is given by: t = 10"5/3 18 - 300 X 10 -8 cm.. A small amount
5{ of CaF,-was welghed on an analytical_balance and then evapor-
a,atéd from a hot spiral tﬁngsten filament (in vacuum) on
- to a sheet of 0.005 inch copper.. From the weight of'the
‘Caﬁz used, about 250 gus., and the area of the copper,
:T abbut 50 cm%,-it was assumed that a film of about 1 to

-2 KeV in stépping power would be formed. These calculations
,were found to be of the right order, when the yield of

o ~y -rays from these targets was checked. The time taken
;to evaporate the thih layers was only a few minutes with
a filament'temperéture of ‘about 1300° € and at a pressure
.lof 1.5 X 10~7 mm. of mercury. |

' Thicker targets were also prepared by using larger
amounts of CaF, and longer times. In this case, the number
of interference fringes formed on the target backing gave
the order of the thickness of the layer formed. A thin
polished crystal of natural fluorite was used for the thick
target. A coarse mesh of nickel gauze spot welded to a
nickel backing held the crystal 3n plaée.and prevented
the accumulation of charge on it. |

2. 8lits and Target Box Assembly.
The arrangement‘of slits and the target. box

used during the calibration experiments are shown in figure 19.

The positive ion beam was defined by a 1/8 inch hole L1 inches
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above the magnet box. It then passed through a 3/8 inch
hole in a thick soft iron cylinder before entering the
magnet box and being deflected through 90°. The resolved
proton beam then emerged through a %'ihch'hdle in another
soft iron cylinder, was defined again by a set of insulated
molybdenum slits 0.085 inch apart and then proceeded to
the target. In the target box were three targets plus
a disk of guartz: for fbcussing; all'mounted on a paddle
wheel that could be rotated through an O-ring vacuum seal.
A thick glass window allowed observatiop_of the targets
during bombardment.

DuringAthe first calibration runs the target box con-
tained the CaF, crystal (thick), one thin target, one semi-
thick target and the quartz: focussing disk. During sub-
sequent runs, several thin targéts were used so that a
fresh one could be rotated into the path of the beam as
soon as:any oil or carbon film became visible. ‘Runs were
also made on the copper backing to evaluate the cbntribution
of the background to the recorded counts. These runs on
fluorine targets were made in September, 1952, with the
targets at room temperature.

During the September runs, one spot on a fluorine
target was bombarded for several hours before the build-up
of an oil dr carbon film on its surface amounted to about
one KeV in stopping power for 873.5 KeV protons. This

. amount of surface cdntamination was easily seen although
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about i of this amount could be deétected first by observing
an upward shift in the fluxmeter frequency for the 873.5 or
340.4 KeV resonance curves. However on November 12, 1952,
after a number of alterations had been made to the ion source
and to the vacuum box's pumping system, it was found that
a carbon film was buiiding up very quickly (1 KeV in about
30 minutes), especially when larger protéﬁ currents (3 to U

A amps.) were being used. The target holder had been
provided with a hollow core for water copling or heating.
Therefore steam at 100° C was passed through it to heat
the targets before and during bombardment. The first re-
sult of this heating was to boil off grease and oil fronm
the O-rings in the target box and condense it on the inside
of the glass window and pyrex tube. The glass window and
pyrex tube were washed and cleaned in dilute nitric acid
while the disassembled target box and O-rings were baked
under an infra-red lamp for several hours. It also appeared
that the old targets had acquired transparent oi; films of
a few hundred eV in stopping power for 873.5 KeV protons,
from being present in the vacuum system for over a month,
with no liquid air in the trap. The O-rings although orig-
inally used dry, gave off considerable oil vapors under
b:zking in the open air. They withstood the heating and
sealed well again dry.. The oil was also changed in the

small diffusion and mechanical pumps attached to the vacuum

box and some small leaks in the fore-vacuyum connections
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60. |
eliminated. This did not‘prevent the‘carbon or oil film
from building up on the target when bombarded at room
temperature, perhaps because the main vacuum column's
pumping system was dirty. However, when the targeté were
ﬁeated to 100° C before and during bombardment, ho carbon
or oil film was found. For example, on Nov. 18 and 19,1952
aftér 9 total hours of bombarding one sﬁot during a 124 hour
continuous run, the spot about 5/16 inch in diameter, appeared
to be brighter after bombardment than the rest of the target.
3. Counting Equipment..
A block diagram of the ‘)/Lray counting
equipment is illustrated in figure 20. ‘X’-rays which
weré intercepted at 0° with reépect to the beam by a Nal
crYstal‘optically coupled to a photomul%iplier tﬁbe3 pro-
duced scintillations (v in:thexérystal) which gave rise
to electrical pulses in the tube. The pulses were amplified
and passed on by the disgriminator; if their héight exceeded .
a éertain value, to a scaler circuit where they were counted.
A galvanometer and current integrator38_COnnected to the
target holder (which was insulated from ground) recorded
the amount of charge and hence the number‘of'ppotons incident
on the target. An electrical timing clock, the scaler,
and current integrator were contrplléd by one switch so
that a simultaneous reading of the time,_the‘number of
counts,and the charge was‘ﬁaken at each bombarding energy

point.



Figure 21.

i
|

T
t

'ENERGY (MEV

 CALIBRATION AT 0-8735 MEV +01%




61. ‘
4. Checking the Counting Equipment.

A close check of the efficiency of the counting
equipment was kept during all the experimental work. All
the electrenic equipﬁent was operated from regulated power
supplies,eupplied from a stabilized 115 volt a-c line source,.
The photomultiplier tube, an RCA 5819, was operated at a
constant d-c voltage within about 0.1%. Differential and:

integral bias curves were taken to determine the optimum
settings of the discriminator and photomultiplier. 1In
addition, the overall counting efficiency of the equipmentt
was checked at the beginning and at»the-end of each day's
run. A radioactive1source in a standard position was ueed
for this test; The efficiency was found to vary:by not
more than a few per cent from one day to another, most of
which‘could be attfibuted to veltage fluctuations in the

photomultipief and discriminator circuits.

5. The Calibration Curves and Determination«of k.
Seven separate runs were.taken,e#er the 873.5 KeV
~ -ray resonance in fluorine during two weeks in September,

1952. Readings of the yield of “ -rays for a fixed |
charge of bombarding particles were recorded at interVals
spaced from about 300 eV to 2 KeV. §Six of the resonance
curves are ploﬁted in figure 21. The thin targets.ranged
from about 4+ to 1.5 KeV in stopping power while the semi-
thick one was about 20 KeV. The details of the ealculation
of and corrections for target thickness are given below for
this preliminary calibration. A discussion of the theory

~and reasons for these corrections is given later in part III.
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Three further sets of runs were taken in November, the,
last'uéing heated targets,and additional average determina-
tions of k were made from them,
6. Calculations and Preliminary Results.

(1) The stopping poﬁer of thin target #1 was
calculated first. The thin targets #1 to #4 were numbered
according to the}position from which»they Qere taken in
the evaporator, #1 being closest to the hot filament and
#4+ being furthest away. The peak of a thin target resonance
curve occurs at an energy value, E, given by18:

E =B +5&/2 | © (XIT.la)
where Ep is resonance energy.aSSuming an infinitely thin
térget,,and E 1is the stopping power of the target (or
thickness): for protons of energy Er. It may be shown that
vsf is given by dividing the area under the thin target
resonance curve by the height of the step in the thick
target resonance curve, The‘aréa under the thin_#ﬂ target
resonance curve, from a large scale plot-was 2254 Me/s
countsw The height of the step of the thick target curve
was 10,800 counts. Also from equation (V.5), 0.1545 Mc/s
7~ 10 KeV (assuming the correét value for k). Therefore
the thickness of thin #1 target was:

225, X 10 - 1.35 KeV
5'- .

T105800  0.10% (XII.2)

(2) The stopping power of the other thin targets
was <calculated by comparing their peak yields to that of

thin #1 tafget for the same resonance after correcting
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for the amount of charge of protons and for the soliq ahgle'
subtended by the counter. (Cosmic ray and copper Back- '
ground was negligible at thé 873.5 KeV resonénce, but was
subtracted at the other resénances where it ﬁas apprec-
jable). The peak yield for a target that is thin compared
to the half-width of the resonance is proportional to the
target thickness. For example, thin #l target had a peak
yield of 1918 counts in 165 seconds for a chérge of protons
'of.30.8 u ¢ (microcoulombs) at a counter-target spacing
of 8% inches. On the othervhand,Afrom the resonance curve
of thin #2 target, the peak yield was 16,345 counts in
27 seconds forea charge of 26.6 M c at a counter-target
spacing 6f 2% inches.. The solid angle for #2 was up by
a- factor of (8.5/2.25)°2 - 14.27 while the éharge»waé down
by a factor of 30.8/26.6 = 1.158.. Therefore if #2 were
as thick as #l, the expeéted peak yield would be:

14,27 X 1918 = 23,635 counts
lol : »

or the thickness o ﬁ = 16 # - 0.692 .
the thickness o 23,63 ' 1

The peak yleldS{fOT the different targets were also compared

at other resonances and an average was taken. The results
in Table 2 give the order of the thicknesses of the targets
for'prbtons of 873.5 KeV energy. Exact values of thick-
ness are not usually known because of non-uniformities

in the layer of target material.
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Table 2.

Thickness of Thin Targets.

Target # Ratio | , thickness at 873.5 KeV
1 . 1.0 1.35
> 0.765 ] 1.0
3 0.567 . 0.75
n 0298 ok

(3) Values for k in equatlon (XII. l) were obtained
from the fluxmeter frequency readings correspondlng to the

" peak number of counts recorded. For example, for target

o #1, the peak yleld occurred at an energy of 873.5 4 1.35/2

= 874,18 KeV correspondihgftc a frequency of 27;02'Mc/s.
Therefore: _ . ‘ | _
k = Q87418 = 1.197% X 1073 MeV/Me/s2
This was repeate§7fgi the gther thin targets. However,
for the semi-thick and thick targets, whose resonance yield
curve consists of the integral of the thin target curve,
" the yield corresponding to the resonance energy occurs
- half way up the step (see chapter XV ). For example for‘
the semi-thick targety the step helght was 9,000- 300 = 8,700
counts so that half way up wasv8,700/2 4—300 = 4,650 which
corresponded to>a ffeqﬁehcy of 27.003 Mc/s. Therefore:

| k = .8 --1.1979 X 1073 MeV/Me/s2.
| E = Syt
This was repeated for the thick target curve corrected for
the extra yield above this resonances due to onset of the 900
and 935;3 KeV ones. The results are'given in Table 3 for
the Sept., 1952 runs.
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Table 3.

| | ' Evaluation of k.

Target # |k X103 |(x - © x107] (x - ©H2 x 10t*
Thin f R |
1 1.1974 7 g
2 1.1976 9 | 81
ly 1.1967 0 0
o 1.1985 18 324
Semi thick| | " N
1 1.1979 12 BT
2 1.1973 2 B Y:
Thi ck | ;b;;zgz, : 50 | 2,500
Total » 8. 3771 : 3,134 j 

K - _8. 372; X 1073 - 1.1967 X 10'3

standard deviation = _313% X 107% - 21.2 X 1077

| 7 |
_ Probabie error (p.e.) = 67% X 21,2 = 14 X lO'?
% probable error - 1% X 10=7 X 100 . -  0.12%,

1.1967 X 10-3 ~
k = 1.197 X 10‘3 MeV/Me/s?  0.12%(p.e.,7 measurements),
. S MAIL3)
A.check was made at the 3%0.# KeV fluorihe resonance which
is also used as a standard by many experimenters. A
resonance curve taken'with target #2 Wés used. However,
the stopping power of this target for 34%0.4 KeV protons

is increased by a factor of about 2.06 (as taken from

the slope of Bethe's most recent curve39 for the fénge
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of protons in air). Therefore the peak yield occurred
at 340.4% {- 2.06/2 = 341.33 KeV corresponding to & frequency
of 16.892 Mc/s. Therefore | .
= 1.1966 X 1073

difference = (1. 1967 - l 1966) X 1@'3 - O. OOOl X 10'3
% difference - 1/1.1967 X\100;0.008%
This close check was very reassurlng.
The callbratlon equatlon of the accelerator may be stated
to an accuracy made up of the sum of the squares- of the

two uncertainties (since the uncertainty in the measurement

~of fpiisvabout + 0.01%); the 0.1% for the 873.5 KeV value

—

Py

from Hefb.and the + 0;12% for thé value of kj ie.. about
+ 0.168. Tnis gives for the Sept., 1952 data,
V(MV) = 1.197 X 1073 f (Me/s)? 0.16% (XITM)

.Provided that singly charged mass 1 beams (protons) are
used, the V(MV) may be replaced by E(MeVX without alter- |
ing equation (XII.W). When}maﬁs 2 or 3 are used, the .

. appropriate factor of J2 or J 3 must be used.’

(h)‘The fluxmeter ffequenciesfat which the other
20

resonances in fluorine should occur<~ were calculated by

means of equation (XII;%).and compared to the frequency
values obsenved»éxpéfimehtally. The results afe.éiven
below in-Table-H._ The experimental frequency at which
the resonance peaks occurred was corrected for the stop;

‘'ping power of the target for protons of that energy. For



Table L.

Calculated and Observed Fluxmeter Fréquencies §Qr'Flquine

39.139

Resonances.
ER Experimental fp Calculated_fp difference| % dif- °
MeV Me/s . Me/s Me/s fige?;e
0. 340k 16.866 16.863 £0.003 | 40.018
1486 20.111 © 20.150 ~0.039 | ~0.19
.598 22,316 22.336 -0.020 - 0.09
669 23.624 23.6k41 -0.017 | -0.07
.831 26.1418 26,349 +0.069 | +0.26 e
.8735 Calibration 27.014 ~ }*o0.08
.900 27,425 27,421 +0.00% +0.015
.900 27 .429 27 421 +0.008 4-‘0.03'
.9353 27.961 27.954 +0.007- +0.025
.9353 27.948 27 .95Y% -0.006 ~0.025 -
1.092 30.14% 30.204% ~0.060 -0.20
1.137 130.84%0 30.821 +0.019 +0.06
1.176 Broad 31,344
- 1.290 32.755 32,828 -0.073 . -0.22
1.290 32.709 - 32.828 ~0.119 ~0.36
1.355 33.519 33.645 0.126 | -0.37
1.381 ©33.836 33.966 - -0.130 ~0.38
1.381 33.839 © 33.966 ~0.137 - 0.37
1.62% 36.663 — {
1.62% 36,642 -
1.69. 37.6‘5’2 37.576 +0.091 o +0.24
1.84" L

% New determination
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'exemple, the fluxmeter frequency corresponding to the ex-
perimental peak yield et the resonance energy ER = 340.k4 KeV
was 16.892 Mc/s when thin #2 target was used. This target
had a stopping power of 2.06 KeV at 340.4 KeV. _Since.i.03_KeV
corresponds to a shift in frequency of 0.0256 Mc/s, this
amount was subtracted from the above to give the corrected
experimental frequency of 16.866 Mc/s. The calculated
frequency from equation (XII.4) is: " :
| fp_(Mczsx = 28.964\/ E(MeV) * 0.08% (XII.5)

Good agreement with equation (XII.5) is shown in
Table 4; seven of the eleven calculated frequencies for
the resonances .below about 1.2 MeV have an error less than the
Pe€e which should be»attached.to the calculated frequency,

namely
+ 0.08% (X1I.6)

ol

A&':iAV:Af: 4K
fp v e K

where A £ A vV, A € A k; are the p.e‘.."‘s or uncertainties
respectively in each quantity. In these measurements the
calculated frequency for the resonances above about 1.2 MeV
begins to show a larger difference which was considered
attributableAto the effect of the fringing magnetic field
on the_beam.‘ On this hypothesis at high fields, the effective
radius of the path of the bent beam would be increased so
that a smalier field, H, would be needed for the eame H‘e
or momentum of ﬁhe particles in the beam. The effective
inerease:in E?'would appear to be less than % parts in
1,000 up to 2 MeV invprotoh beam energy correspOnding to
a magnetic fleld of about 10,000 gauss. Consequently, a

small first order correction could be added to equation (XII.h),
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of amount AV = 2Af = 0.0072 V so that for voltages
above 1.2 MV, the calibration would be,

V(MV) = 1.20% X 1072 £ (Me/5)2 + 0.5%(p.e).
(above 1.2 MV) P | - (XI1.7)

After“further checks on thé 873.5 calibration curve using

a mass .2 beam, this hypothesis proved to be incorrect..

7. Final Calibration and Checks in November, 1952.

The lon source focussing conditions were different
from those used in the September, 1952 éalibration. In |
the energy selector, a 0.022 inch thick molybdenum disk
with a 1/8 inch aperture was added just below the original
entrance aperture to the magnet, (see figure 19), and the
" exit slits were réplaced with thiéker pieces of molybdenum,
0.022 inch thick. The slit spacing was decreased to 0.067
inches.

Larger beam currents were available so that extra
curves were taken using the less intense resolved mass 2
and mésé 3‘beams to extend the fluxmeter's, and hence the

accelerator's, range‘of:calibration._ From equation (II.3),

H=-g¢ [2mv, B (II.3a)
gv ¢ . , :

and from (II.8), fy = % H, | (II.8a)
o 29T

so that the fluﬁmeter‘frequencf needed to deflect through

90% mass 2 beam at 2V-was the same as that required to

deflect a mass 1 beam at 4V or was twice that required for

a mass 1 beam accelerated by only V. For execiting the

same resonance as given by a mass 1 beam accelerated through

V volts, a mass 2 beam of HH*Y needs to be accelerated
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through 2V since each particle in it breaks up on impact
with the targét into two mass 1 particles, each having
half the total kinetic energy, for ﬁhe energy_preventihg
this breakup is only a few eV. Thus, to obtain the 0.8735 MeV
resonance curve with a mass 2 beam, the accelerator voltage
was set to 1.747 MV and the fluxmeter‘frequency to 54.118 Me/s.
This fluxmeter setting‘was equivalent to that for a mass 1 |
beam at 3.49% MV: In a similar way, the fluxmeter was
checked at equlvalent mass 1 settlngs of 1.362 and 3 863 MV
by obtalning the O, 340# MeV resonance curve with mass 2
and mass 3 beams respectlvely.

Table 5 gives the results of the calibration runs taken
over the 873.5 KeV resonance with a mass 1 beam during
Novembér.S to 13, 1952. The average value of k from equation
(XII.1) Was‘used, as on page 66; to compute the "calculated
'fp" in Table 6 for the check runs over some of the other
fluorine resonances. This is repeated for tables 7 and 8
for the November 1k - 17 runs and for Tables 9 and 10 for
the November 18-19 runs. ’

Close agreement, within * 0.1%, is shown between the
three k values from the 873.5 KeV calibration ruﬁs faken
in November although they are all about 0.4% lower than the
September, 1952 value for k. The mass 2 checks on the |
873.5 KeV resonance show that the'fluxmeter frequency reads
0.4% high at 54%.1 Mc/s. This is confirmed by the checks on
the 340.4 KeV resonanée with mass 2 and mass 3 beams. The

calibration equation of the accelerator, from the November



~Table 5.
' Re-determination of k, Nov. 5-13, 1952.

Thin target #4, g = 0.4 KeV at 873.5 KeV..

fp (Me/s) = 28,980/ V(MV)

Table 6.

+ 0.07%.

Date | Time (k X 103) (k - Ej X 107 (£ - k) X 1014
5 | 4:00p.m. | 1.1882 - 24 576
5 8:00p.m. | 1.1904 - 2 b
7. {11:00p.m. | 1.1886 - 20 400
C 7 11:30p.m. | 1.1907 + 1 1
13 9:45pem. | 1.1931 +25 625
13 [10:30p.m. | 1.1927 +21 4L
Total 715437 ' 2047

k - 1.191 X 10™3 MV/M.c‘:/s‘? + 0.1%,

Calculated and Observed Fluxmeter Frequencies for Fluorine

Thin target #4.

Resonanceé, Noé. 5-13, 1952,

Date | Time Beam| Ep(MeV) Exp. fp Calc. fp 4 Diff
' Mass : Me/s Me/s in.fp
5 5:00p.m. | 1 0. 27.535 | 27.49 +0.1k
5 8:455.111. 1 0.900 27 .447 27}59;5, . =0.17
7 9:00p.m. | 1 1.355 33.649 33.73 ~0.26
7 9:15p.m. | 1 1.381 33.975 | 34.056 ~0.24 .
13 10:30a.m. | 1 0.340% | 16.937 | 16.908 4+0.17
13 10:4%0a.m. | 1 0.3404% | 16.9%1 |[-16.908 +0.20 -
13 |12:30p.m. | 3 0.34%04% | 51.120 50.723 +0.68
13 1:30p.m. | 3 0.340% | 50.930 50.723 +0.41
13 1:40p.m. | 3 0.340% | 50.996 50.723 . +0.54
13 10:00p.m. | 1 0.9353 | 27.998 28,027 -0.10




Table 7.
Re-determination of k, Nov. 14-17, 1952.

Thin target #6, g} = 1.0 KeV at 873.5 KeV.

Date| Time kx X 103 x -8 x107 | (k- % x 10°%
14 | 10:45p.m. 1.1946 +15 | 225
15 9:45p.m. 1.1941 +10 100
17 " 4:00p.m. 1.1925% -6 36
17 L:30p.m. 1.1932% o+ 1 1
17 5:00p .M. 1.1929% - 2 L
18 1:45a.m. 1.1920% -11 121
18 2:00a.m. 1.1925% -6 36

Total 8.3518 533

* Target heated to 100° C.
k - 1.193 X 1073 Mv/Me/s? T 0.05%,
£, =28.952 J/ vOm) 0.06%.
Table 8.
Calculated and Observed Fluxmeter Fregquencies for Fluoriggi
Resonances.”Nov. 14A1i, 1952..
Thin target #6.
Date| Time Beam | Ep(MeV) |- Exp. fp | Calc. f,| # Diff.
Mass . . Mc/s™ Me/s in fp

14 | 2:30p.m. | 2 0.3k40k 33.879 33.783 | +0.28
14 6:00p.m. | 3 0.340k% 50.919 50.67k4 +0.69
17 2:00p.m. | 1 0.3%40k4 16.900 16.892 +0.05
17 2:10p.m. | 1 0.3%04% 16.927 | 16.892 +0.21
17 6:00p.m. | 2 | 0.8735 54,387% 54,118 +0,438
17 9:00p.m. | 1 1.69 37.746 % 37.638 +0.29
17 | 9:20p.m. | 1 1.69 37.756% | 37.638 +0.31
17 | 10:1lp.m. | 1 1.69 37.676% | 37.638 +0.10
17 10:25p.m., | 1 1.69 37.729% | 37.638 +0.24
18 |.12:10a.m. | 1 1.69 37.699% | 37.638 +0.16
18 12:30a.m. | 1 1.69 37.756 37.638 +0.31

% Target heated to 100° C.




Table 9.

Re-determination of k, Nov. 18-19, 1952.
Thin target #7, éf,; 1.5 KeV at 873.5 KeV..

Date| Time kX103 | (x -F x107 | (x - E) x10M*
18 6:30p.m. | 1.1925 0 0
18 9:30p.m. 1.1930 + 5 25
18 9:45p..m. 1.1945 * + 20 400
19 5:45a.m, 1.190% -21 Wl
19 | 5:55a.m.. | 1.1919 - 6 36
‘Total 5.9623 902

All targets heated to 100° C, only one spot bombarded.
* ’.

semi-thick target #3, S;a: 20 KeV..

k = 1.192 X 1073 MV/Mc/s2 +
fp (Me/s) = 28.958  V(MV) = 0.12%,

Table ;O.

0.1% ,

Calculated and Observed Fluxmeter Frequencies for Fluorine

Resonances, Nov. 18-19, 1952,

Thin target #7.

Date | Time | Beam | Ep(MeV) Exp. T Calc, fy % Diff
Mass p Me/s in fp?
18 | 10:45p.m. | 1 1. 3%,030. | —0.26
18 12:00p.m. | 1 1. 37.645 +0.21
19 1:40a.m. | 2 0.8735 54,129 +0.42
19 3:’4-5&.11!. l lc )+O.r336 + 0012
19 3:45a.m. 1 L. 40.336 4+ 0.21

A1l targets heated to 100° C, same spot used as for data
in Table 9.
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data is therefore,

V(MV) =-1.192 X 1073 £5 & 0.1%, (XII.8)
(up £ 1.0 MV)

and adding a first order correction,

v(Mv) & 1,184 X 1073 £5 & 0.5%. (XII.9)
(from 1.0 to 3. 5 MV) : _

8. Calibration of the Generating Voltmeter.

Flgure 22 shows the linearity of the generating
voltmeter readings plotted against the square of the fiux-
meter frequency for the September, 1952 data after calibration
at 873.5 KeV. A similar line was obtained for the November
data. The generating voltmeter is therefore reliable within .
the reading error of its ﬁeter, about 5 KeV in 873.5 KeV

or O. 67, and rather better u51ng a Brown recorder with

a 10 inch long scale to observe the current.

XIII. Summary of Results on Calibration.

1. Reproducibility and Absolute Calibration.
The short time reproducibility of the accelerator

voltage is.very good to within 0.2%, from the data on
the 873.5 KeV resonance, over a period of hours to several:
| days. The absolute voltage calibration from the November
data is good to about the same order of accuracy over
"several weeks. However, over the two month period from
Sept. to Nov. 1952, it was only good to O.4%. The reasbn
for this was partly due to the changes in the focussing’
conditions in the magnet box, and at the ion source.

Either this or perhaps electrostatic charging of parts
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of the accelerating tube, may produce small changes in the
angle at which the beam enters the'magnet box§ A change
in the entrance angle of only a few minutes df arc would
éause the beam to describe a slightly shorter or longer
path in the magnetié field and therefore require a smaller
or larger magnetic field, than in the case of vertical
incidencé, to deflect a beam of the same energy fhrough
the exit slit. The resulting small change in fluxmeter
frequency would give a small error in the voltége calibration.
Sparks in the accelerator may give a éimilar result.

Therefore, for most accurate work, the voltage or
energy scalevof the accelerator should be calibrated with-
in a few hours before and after, or if possible, during an
experiment. Alternatively, with more difficulty, better
collimation of the beam could be introduced.

The energy resqlution expected from the exit slit
spacing of 0,067 inches for a beam radius of 8.8 inches
ist

4§,~2A€‘2 X 0,067 ~ 0.016, orX 0.008
-y 3. ~ ’ {XII.1)

which is 8 times larger than the reproducibilityvactually |
achieved. A similar result was also found by Bennet et al21
who also used a reverse electron gun‘stabilizing system.

One great advantagé of the U.B.C. ion energy selector is

the reproducibility,and»precise'measurement of a magnetic
field setting ihdependeht of any magnetic hysteresis effects.
Points taken in any order over a resonance could be fitted

to a smooth curve.
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2. Possible Sources of Error in Absolute Energy Measurements.

In these calibration the positive ion beam was
centred at ahd definéd by the small entrance aperture at
the magnet box and focussed carefully oh the target. It
was believed that the 90° focus of the beam occurred just
inside of the.magnet box since a spot éize of about 5/16
inches was produced by the beam 3% inches from this point
after passing through the 0.067 inch slit 7 inches from
this point. It was found, however, that the stablilizing
system could hold a poorly focussed‘beam on the targét,
at times, but at slightly different fluxmeter setting than
that for the properly focussed one for the sam; point on
a resonance. Again the fluxmeter r-f head measured the

2 at one upper

magnetiC'field over an area of about 1 cm
corner of the gap between the pole faces. An average field
along the path of the deflected ion beém was then inferred
from this. Errors up to a few parts in a thousand in
frequency (or magnetic field) might occur if the ratio of
these two fields éhanged at high magnetic fields. Fron
previous work on the magnet3 the author had found that the
field strength over the pole face of the magnet at 10,000
gauss varied by as much as 40 gauss in 10,000 gauss up to
an inch from the pole face edges. A further check on this
at differeht field strengths would seem advisable if an

increase in the accuracy of the beam energy measurements is

needed.,
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Part IIT.

Determination of Some Nuclear Excitation Functions.

XIv. Résonant Reaction337

’ In many cases when a nﬁcleus is bombarded by a nucleon
suéh as a proton, neutron>or alpha particle, a compound
nucleus having discrete energy levels, ER, is formed. We
may properly speak of the existence of this intermediate
‘or compound nucleus only if it has a lifetime greater than
the characteristic nuclear time (time for a nucleon to

2lvseconds). An average

travel acrosé the nucleus, about 10~
lifetime of such a compound nuclear state may be deduced
from the energy level width, % E, from Heisenberg's un-
certainty relation; e.g. for §E = k4 KeV, V
| {tz -h ~ 6.6 %X 10727 ~ 10 85ec.

$ &~ T,000 X 1.6 X 10-12 (x1v.1}

'which 1s small compared to the above. This compound nucleus

may lose its surplus energy by decaying to the ground state
via the.emissioh of Ty -rays or, if energetically pbssible,
by particle emission to the ground or an excited state of

a residual nucleus. The residue nucleus, if left in an
excited state,'will also decay be the emssion of a "y -ray.

When the energy levels of the compound nucleus are widely
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éeparated, the‘reaction yield of particles or 7 -rays
exhibits strong résonances as the energy of the incident
particle is variéd cOrrésponding to the férmation of the
compound nucleus in one of its possible excited states.

In such resonant reactions we wish to detect and
measure accurately the maxima in the excitation function
since this gives directly the location in energy and number
of the excited states of the compound nucleus. The "level
width”,.which is related to the probability of decay of
the compound nucleus, may also be ascértained if the natural
shape of the resohance can be measured.» Further arguments,
based for example on the angular distribution of the emitted
particles or quanta, make it possible in some casés to assign
an angular momentum quantum number and a parity to the
stationary state. v

In this way it is hoped to build up a detailed picture
of thé energy levels of at least the lighter nuclei,hfrom
which in the present poor state of our knowledge regarding
nuclear‘forces, we may at least hope to select nuclear models
which yield level schemes in accord with the experimental
data. This in itself‘will be a ma jor advance towards a

proper understanding of inter-nuclear forcese.

XV. The Breit-Wigner One-Level Dispersion Formula.
o _

1. Reaction Cross Section and Yield.

- Consider a beam of charged particles of N per

second and cross sectional area "a" cm2 striking a target
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of thickness t cm. containing "\//huclei per cm3. If we
assume no overlapping of nuclei then the number of nuclei n,
in the path of the beam is given by,

n=- " a te (XV.2)
We define the cross section for a reaction, ¢ , in terms
of the above and the yield, ¥, in diSintegrations of the

type under consideration per second, by the equations:

Y=-Nnd = ¥Vt 6, | (XV.2)
a ‘

where ( has the dimenéions of area (ng), J may be
interpreted as the effecﬁive area that the target nucleus
presents to the incident particles. In other words, g is
proportional to.the probability of occurrence of the reaction;
Representative valﬁes‘for ¢ for (p, ¥ ) reactions are of
the order of 10-2% cm2,'a convenient unit termed one "barn'.
It is found from experiment, that g~ sometimes varies with
the energy of the bombarding particies.in a characteristic
resonance way. This variatién of J over a ¥ -ray resonance
may be simply described by a one-level "dispersion formula"

as proposed by Breit and Wigner, provided that the resonance
is well defined and well separated in energy from other
resonances. In the case of a simple (p,.jfﬂ) resonant

"reactlon, the dispersion formula gives:

r(pyy‘)-gﬂXp[—'[ﬁad

(E - E) 4—4/_' (X7.3)

where: g is a statistical weighting factor determined by the

spins of the nuclei involved,

’Xp - \Ap/2m Wvhere \ is the De Broglie wavelength

of the incident particle in centre of mass coordinates,
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[—; is the particle width (at resonance energy ER),
ie. [j;/ﬁ is a measure of the probability of decay of
the compound nucleus via re-emission of a proton of the
same .energy. Included in this term is the effect of Coulomb

and Centrifugal barriers as it may be wiitten as:

[‘\Res - (2_R'B). Res
p C AN ) op 2

where R is the radius of the ﬁucleus,'
B is the penetration factor,
Res. :
[1 is the reduced width, a constant set by the
particular nucleus,
r;ad is the "reaction" width, ie. in this case a measure

~ of the probability of decéy via Y -radiation,

,—1 is the total level width or resonance width, here:
sust [ 54 [ zaa. -

E is the energy of the bombarding particlé,

Er is the»energy of the bombarding particle at resonance.

[h'is related to the lifetime, | ; of the particular
state of the compound nucleus by the uncertainty relation
of Heisenberg; [ﬂ q7x h/21 Sinée the probability of
decéy of this state, F> - l[fr , then [_, =t F) .

Inggenerai 6§er’a sharp resonance these widths will
not change significantly from their value at resonance, so
that the variatign in @ over a resonance is settled by
the resonance or dispersion form of the denominator.

If the total level width exceeds the experimental
energy resolution, A E, thén ,_ER and r‘ can be obtained di-

rectly. and the absolute yield of '“K’-radiation‘at resonance
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provides a'measure of Gfﬁ (the value of O at the resonance
energy) provided the number of nuclei/cm3-in the target
is known and the yield is measured over a sufficient range
of angles to estimate the total O R . I—l rad is unlikely
to exceed a few eV so that the total width will only exceed
the experimental resolution (about 1 KeV) if [_1 is large: |
enough (about 1 KeV).

(a) Under the afore mentioned circumstances
where l—; > AE resolvable,

G =g X% lrad l—‘ . (V. 5)
(E - ER)*+ zr' .

At resonance,

dr=em XY Y (X7.6)

so that 0 = 0Rz32 [ . | (X7.7)
(E—E)2 1P2

Hence measurements of the shape of the resonance curve, Ep,

and (7 give a value of g rﬂ;d.
(b) When [—)-ZIE then only the cross section

averaged over the level can be measured, and this is usually
done by using a thick target and a bombarding energy, E, *
greater than ER by an aﬁount at least equal to the resolution
of the beam. Assuming no higher resonance is involved,

the yield in this case can be found by integration of the

cross section over the resonance.

2. Application of the Dispersion Formula to Show the

Peak Yield For a Thin Target Resonance Curve Occurs at B =»;ER+€/2.

For an infinitely thin target, ie. where the
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loss of energy in the target, E({ I_', equation (XV.2)
gives the'yield of '7{'-rays directly. However, when
the resonance width rﬂ , and the loss of energy Ef in a
thin target aré comparable, the yield of 7y -rays is obtained
by integration of the.Breit-Wigner formula over the resonance

energy range:

¥ = [‘é’ @E | @)

where y is the yield per incident particle, € 1is the stop-
ping cross section per diéintegrable nucleus in the target.

Now g _:'\[t,e , if g and' € do not vary over the resonance.
Substituting for Oﬂ‘from (XV.7) and integrating gives:

y(§; ) = Cfﬁlj (tan™ -1 E~-Eg ~ tan~ -1 E- ER-E?)
2€e /72" /2 (XIV.9)

To find the maximum yield as a function of the energy, of the
bombarding particle for a fixed target thicknesé, E? )
(XIV.9); may be differentiated with respect to E and equated
to zer&. This shows that the peak yield occurs when:

and by substituting this in‘(XV.9), this peak yield is

given by.
(€) - (R [” tan-1 E, (XV.11)
/_l . )

3. Relative Yield of Thick and Thin Targets.

ymax

Equation (XV.1ll) may now be compared to the
peak yield from a thick target, ie. one where g»f_'. This
is given by considering equation (XV.9) in the 1limit as

tends to infinity:
(e”) = F‘"‘ A (XV.12).
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Dividing (XV.1l) by (XV. l?) gives,

-1 |
Ypax' & ) = 2_ tan E:
Ymax(o? ) i /_' (XV.13)

which shows the relative peak thin target yield compared to

that from a thick target.
Now the area A(&? ), under a thin target resonance

curve is gilven by the integral of the yield over the resonance::

A(é )%;7 €3 )dE:.Z,_.gZ_@.E:"; S Ymax(=*),
2 € (Xvulﬁ) '

esonance
from equations (XV.() and (XV.1l), which shows that it is
only.proportiéﬁél to the energy loss in the target and
the thick target yield step. It may also be shown thét :
this area'is indépendent of the homogeneity of the beam
and the nature of the thin target yield curve.2l2
| ‘The yield for a thick target curve as a function of E

is given by equation ‘(XV 9) withs ))/—‘

-1
¥y ¢z /[’ T 4 tan™ E-E |
thick = >——— | 3 /5:] (XV.15)

Y, (p. Y ) Resonant Reactions.

' . A few light nuclei show diserete resonance
levels for (py, ¢ ) reactlons. Thus in F19(p Ok?’)016
sharp levels are found correspondlng to maxima in the yield
of low energy ol-particles, as 016 is produced in a state
with excitation energy of 6 to 7 MeV. Thus these aipha
resonances may be investigated by measuring the 7('-ray
yield. Thé emission of more energetic ol -particles corres-

ponding to formation of 016 in the ground state is not

possible for these states of the compound nucleus Ne<O - -

it
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owing to symmetry propefties. The Breit-Wigner formula can
also be applied to thésé.resonant reactionsy in this case,

rﬂrad must be replaced by fil .

XVI. Limits of Energy Resolution,

1. Doppler Limit to Energy Resolution.)+l

The parameters Eg, [ﬂ and Gﬁﬁimay be e&aluated
to a precision determined by the experimental definition
of the bombarding energy, E. Howevér, the amount of energy
that is available for excitation of the compound nucleus
‘must be calculated in the centre-of-mass system of the
compound nucleus. Due to the thermal motion of the target
nuclei, the effective eﬁergy of the incident protons, will
be spread out (Doppler broadening of level) over a range

of energies having the gaussian di§%§?b%§§on:
- Po~®)" gE, (XVI.1)

N(E)dE. = _1 >
5T € o2

where D = ’ 2m_ Ey KT,
: M

m is the ratio of the mass of the proton to the mass
M v
of the target nucleus,

T is the absolute temperature,
k is Boltzmann's constant.
For the energies and the targets considered here, this

amounts to an uncertainity in E of the order of 100 eV.

2, Practical Limits to Energy Resolution.

Evaluation of the parameters of (py o~ ¥) resonant
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reactions requires a source of bombarding particles easily
variable and homogeneous in énergy and of sufficient in-
tensity for accurate measurements to be taken in a reasonable
time. In addition, thin targets are needed for identification
and resolution of the resonances, especially when the curves
are narrow’énd closely spaced. The main factors which de-
crease the defihition in the energy, E, of the proton
beam are: |

'(1.) Variations in the energy of the ions em-
erging from the:ion source and focussing lenses,

(2.) Loss of energy of the ions by collisions
with‘gas molecules in the accelerator colums,

(3.) Voltage fluctuations in the accelerator
due to corona, sparks and belt rubbing,

(4.). Deterioration of target with time due to
bombardment and formation of cil and carbon films,

(5.) Uncertain variations in target thickness.

On the other hand, the homogeneity of the beam may

be improved by using narroW:slits on the analyzer to define
the energy and by using very thin targets (so that thé
energy loss in all parts of the target is small). In the
U.B.C. accelerator, the r-f ion source keeps the variations
in (1.) of the order of 100 eV or less. With a vacuum

-6

of 2 X 10""mm. (good for the size of the accelerator
tubes, about 20 feet long by about 8 inches in diameter),
the mean ffee path of the protons is of the order of 20 feet

so that factor (2.) is small. Voltage fluctuations are
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kept small by the ion energy control system which has a
theoretical upper limit of about 100 eV. Target deterior-
ation is minimized by keeping the intensity of the beam as
high as\possible so that the time required for a run over
a resonance is as small as possible., The other consider-
ations of using narrow slits and thin targets reduce the
yleld of Y -rays per second so that longer times are required
to obtain sufficlent counts for good statistical accuracy.
A compromise between maximum homogeneity and low intensities
of beam must be made. However due to the method of ion
energy contrdl adopted at U.B.C., good homogenelty is ob;

tained with up to 4% M amperes of resolved protons.

XVII. The Proton Bombardment of Fluorine.

1. _ ¥ -ray Excitation Function.

4_ The 1X’Zray excitaﬁion function from the proton
bombardment of fluorine is shown in figure 23. The }/-rays
of 6 and 7 MeV energy are produced in the reaction:

E 3 -
19 4+ 1 — 520 010 4 Het

v
ot6 +~ ¥, (XVII.1)

Proton capture radiation has been observed at the 669 KeV
resonance42, but was ignored in this work because of its
extremely low intensity. The experimental-counting arrange-
ment was the same as in part II, section XII. All the
published resonances=° between 0.340:and 2.0 MeV were

observed as well as two new resonances at 1.62 and 1.8% MeV.



Figure 23.
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These are listed in Tables 3a, 5, 7 and 9.

The curves that make up figure 23 were normalized
at the 0.8735 MeV resonance by correcting thé yield for
target thickness, charge collected and counter-target
spacing. The cosmic ray background, about 1/5 count/sec.
was negligible and was not subtracted. A charge dependent
background from the copper target backing above 1 ﬁeV was
also not subfracted'but is plotted beneath the fluérine
excitation function.

Some of the resonance curves are plotted on a larger
scale in figures 24 to 29. The widths of the resonances
shown, and listed in Tabie 3a, are equal to or less than
the widths of the best previous work:i21fﬁ A further
check of the overall resolutioh of the present experiﬁental‘;
work is' the peak to trough ratio of the 1.35551.381 MeV
doublet. After subtracting the copper background, this
ratio is about 10:1, to be compared with about 8:1 obtainéd

21 , 2la
by Bennet et al and 5:1 obtained by Bernet et al.

2. New Resonances at 1.62 and 1.84 MeV.

During the course of this investigation two
new resonances were observed at approximately 1.62 and
1.84 MeV. Two separate runs were made over the 1.62 MeV
resonance with different targets as shown in figure 26,

and the 1.84% MeV resonance shown there as well, is pilotted
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again in figure 27 with the copper and cosmic{ray»background
subtracted. These energy valués were assigned with reference
to the preliminafy calibration of the accelerator. However,
with reference to the final calibration, these energy’valueé

should be altered to 1.60 MeV' 1% and 1.82 MeV 1%.

XVIII. The Proton Bombardment of le.

' “The =¥~ -ray resonances resulting from the prdton
bombardment of le are shown in figures 30 and 31. The
Y -rays. of 44 MeV energy come from a reactionl+3 that is
analogous to the fluorine one: “

W5 5 —> o 124 gt
glg + Y.  (XVIII.1)

Proton capture:fadiation}alsé occurs at 1.05 MeV but its
intensity is weak comb;red‘to the 44 MeV ¥ -rays.

Semi thick. targets of KNOj, enriched to 60% with Ni5
- were evaporated énto silver backiﬁgs in Vaéuum.‘ During
the experiménfs, the targets were cooled to about.-70° C
with a mixture of solid COp and ether to prevent loss of
the nitrogen. _Xiélﬁ.from this'reaction'is small_compared
to that from>flUG£iné which had to be eliminated as a
contamihant-from,the beaﬁ std??oﬁ the target box. Since
large beam currents were néeded, no attempﬁ washmadé to
define the beam at the magnet box in order to check the
resonance energy vélﬁes, No resonances were observed
above>l.2 ﬁéV"because of the rapidly rising background
observed ffom all target backing materials tested. These

" ipncluded copper, silver, platinum, tantalum and tungsten.

.
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0f these possible target materials, tungsten offers more
promise in extending the N15(p, ok ¥ ) reaction to 2 MeV
since its background yield was the least. However, in
sheet form it is &ery difficult to cut or machine.
The angular distribution of these Ni5> gamma rays

AN

has been investigated in this laboratory using the
stabilized beam to achieve constant operating conditions

over long periods of time,
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Appendix 1.

The Laplace Transformation Method of Analysis.

The differential equations of the components of the
system are written out, the Laplace.transforms are taken
and then solved usually for the output quantity in terms
of the input. The inverse Laplace transform then gives
the output gquantity as a function of time for the particular
input conditions. However, information about stability,
and transient response of the systems may be obtainéd by
analyzing the Laplace transform without the need of finding
its inverse., To further simplify the analysis,'it is con-
ventional to introduce a certain concept, a "transfer
fﬁnction", defined so that the Laplace transforms of the
separate units of the system may be written down by inspection.
For example, consider a simple r-c network, where the con-
denser ié ihtially uncharged. Let the Laplace traﬁsforms
of the current i(t), the input.voltage, ei(t), and the
output voltage eo(t),.be denoted by I(S), Lv[;i(t)] -

I(s), L [;ei(t)] = E;(8) and L [eo(t)]; Eo(S) respectively:
ie) B |
e; (t) - Lo e, (t)
T° "
The differential equation of this circuit is:

Ri(t) + %/i(t)dt_—_ei(t), o (1.1)

eo(t) = %f i:(tjdt. (1.2)
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Taking the Laplace transformation of these two equations:

(R + __)I(S) = Bi(8), . (1.3)
sCy) . . »
Eo(8) = _1 I(8). (1.4)
L scC .. .
From (1.3), I(S) = Ei(S) B
~ R4 4 (1.5)

s5C

and from (1.%) and (1.3),

E,(S) = E; (8)sC o (1.6)
T wm [1 SRC] |
or Eo(8) = _1 ___  Ei(S). |

1+ SRC
The "transfer function", KG(S) of the network is defined by
the equation: | 4
EO(S)V_-_ KG(8)E;(S)... | | (1.7)
In this case, K = 1 and G(S) = 1/(1+SRC). |
The "tlme constant" of the network is T - - RC.
Further, thls network may be replaced by an equlvalent

box containing this transfer function:

E; (S) — 1 . Eq(8)
_ 1 + SRC

Recognitiens of fhe behaviour of this transfer function
from experience, or tables, under general input conditions
allows prediction of the behaviour of the network without
carrying the solutlon any further. Since this transfer
vfunctlon could be obtained using the usual 1mpedance concept

from a-c¢ circuit theory it can be seen that practically,
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if S is specialized to. S = j w , the steady-state response
of the network is obtained. It must be remembered howevér,
that while the impedance concept of a-c theory applies di-
rectly only where sinusoidai_voltages and currents are
concerned that the Laplace ﬁransformation method is valid for
any type of voltage or current waveforms.

Two transfer function "boxes" in cascade may be re-
presented by multiplying théir trénsfer funetions together,
provided that the input of the second does not load the
output of the first. If it does, then the circuit must be
analyzed as a whole,

The open-loop transfer function for the accelerator's
stabilizer, ie. the Laplace transform of the ratio of thé
output to the input error signal is given by:

KG(S) = Ky Kp Kq , (1.8)
(1+8T1)(1+ 8T3)

where S &~ jw = j 277 f.
For all frequencies, j v Ty 5> j W Ty, SO that when

w T, > 1, W T3 is negligible compared to 1. In addition
K = Ky K Xy is >> 1. Thus for any variations having a

period less than about 1 second,

3 1 ~ ST1. (1.9)
T + KG(8) < , '

Under these condition with a step input function,

E;(B) =-e;(t), the steady-state error becomes:

Ssteady-state error (t Do) = lim S[ STy ] ei(t)
£y 1 50 | = =%
K> 1

T M T3 - O =0
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