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5 _ ' Operation of the 184" Cyclotron
L. R. Henrich, D. C. Sewell, J. Vale
Radiation Laboratory, University of Caiifornia

¢ May 17, 1949 ’ - K

- ABSTRACT
The operation of the 184" synchro-syclotron is reviewed in terms of the
theory &s developed by Bohm and Foldy., Ceftain~relevant data on the properties

~ of the magnet and.rotating condenser arée also preseﬁted.
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Operation of the 184" Cyclotron

. .L. R, Henrich, D. C. Sewell, J. Vale
Radiation Laborstory, University of California

May 17, 1949 -

1. Introducﬁion

 The general theory of the operation of a frequency modulated cyclotron -- or

synehro-cyclotron -- has been discussed in earlier papers by Bohm and Foldyl’2

1 p. Bohm and L. Foldy, Phys.Rev. 70, 249, .1946., - "The'TheéfyfbetheTSynchreﬂfon,"
Herein after referred to as paper A. kquations and tigures from this paper
will be referred to as (4-X or A-Fig. X), respectively.

2 D. Bohm and L. Foldy, Phyk. Rev.- 72, 649 - 1947 .« "Theory of “the’ SynchréhCyclotron."

Referred to &s paper B. -

among others. The purpose of the present paper is to present in more - detall

~ than prev1ously reported3 such operational data for 184" Berkeley synchro-cyclo-

3 W. M. Brobeck, E. 0. Lawrence, K. R. MacKenzie, E. M. McMillan, R. Serber,

D, C. Sewell, K. M. Simpson, and R, L. Thornton, Phys.Rev.'71, 449, .1947.,
tron as might be of interest. It is also intended to intefpret the perfermanCe

of the machine in terms of the theary. We mention first general characteristics of

‘the machine and then investigate the operatioh when certain conditions are varied.

2. Normal Acceleration of Ions.

The final design of the 184" magnet determines such things as the eneréy_of ,
the ion as a function of the radius, r, ﬁhile'the design of the rotating conden-
ser'affects the meen rate of energy gain per turn. Since these and othef felated
quantities will be needed in subsequent discussions of the performance of the
machine, the expressions for these quantities are given below. The actual values
for the machine are later tabulated (Tablev2) or graphed (Fig. 1).

&a. H(r){Hc - where H(r) is the value of the magnetic field in the median pléne
andﬁperpendicular to it as a function of the radius {r); and Hg is the

value of the field et the center of the machine.
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b. n(r)=z - %
( )v' =

B N

where My is the rest mass of the ion,'c is the veloc1ty of llght Ze is the |
charge .on the ion, e is the unit electric charge, and v is the velocity of
the ion.,

| E | L
d. E(r)= 9 - the total energy of the ion, including the rest ‘ 3
: ; 1 - (35 : ( :
energy (Eo).
€. f-o;, = Z-g.@-:-where w 1is the angular frequency of rotation of the . 4
e ‘

-ion, and M the total mass of the ion.

2 : ' ‘ : X
f. K= 14 igﬁ 92 A necessary physical quantity (See A4-16) 5
Kz 1+ th an alternative expression of K valid in a parabolic 6
' 0y . : ‘

magnetic field (Sée B-5) where h expresses the rate of decrease of the .

magneﬁic field with radius, i.e., H=H; (1 - hr2/2)° : o 7

The above quanfities depend on the shape of the.magnefic field,“In addition
there are the §uantities which aepend on the physical characteristics of the

rotating condenser that modulates the freduency'of the dee voltage.4 These may

L

4 For the design of the frequenecy modulation equipment see. -
F. H. Schmidt, Rev. Sci. Imstr. 17, 301, 1946.

K. R. MacKen21e, F. H. Schmldt Jdo Ro Woodyard, and L. F Wouters, Rev,. Scl.
Instr. 20, 126, 1949 ‘

be expressed as a function of the phase T pf the rotatigg cdndenser, where we let
2wl represent the pﬁése angle of the condenser and U = O when the oscillation

is at maiimum frequency. |

g u@(rt) :.thé angular f;équency of the oscillator, ‘The subscript g denotes the
| angular frequency the ion must have if if is to be locked into the s&nchrb—

nous orbit at a fixed phase angle with no oscillations about this phase
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angle,

ho Eéll': the ratio of the actual meximum dee voltage'aéross the gap to the mean

velue during & modulation cycle.
_d inwg '
at

i, s & quantity uséd'in computing mean energy gain ber.revolu‘bion°

The last three Quantities have been expressed as a function of 1. However, the

anguler frequency of the ion is deterﬁined by the expression fof-u) given in (é)
vand.depends on the magnetic field. For an ion to’be'in ﬁhe synchronous orbit at
an& time its'frequency'must also be wg. This condition provides a unique corre-
lation between the,phasé of the Qscillator andvthé rédius of an ion in the syn-

chronous orbifo We accordingly denote the radius, energy,‘and angular frequency

of such a synéhrpnous particle by rg, Eg and wg. This correlation also permits

us to express % and -4 Mn wg as & function of radius.
: dr - '

An ion will stay at the synchronous frequency only if it geins energy at the .

proper rate., This may be expressed using A-15 by

4 Eg dwg CEs dwsg E .
dt ~ Kwg dt Kwg at - o . 8

where t is the timé. To express the energy gain in terms of the rate of frequency
modulation we have let T = Gt where C is the number of frequency modulation
cycles per second. Multiply by the period of a revolution,—%%%, to get the

energy gain per turn for the synchroﬁoﬁs orbit, AEg; so thét

AEg _ 2TEg [ﬂdlog wgl | | 9
C Koy at  J | |

The change in radius per turn will be given by A-14

Arg  Tg AEg4 : : | 10
) .

Now thé phase angle, fs, for acceleration in the synchronous orbit is given by

& sinflg = AEg. Dué to the change in AEg and in V during the acceleration pefiod
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;the"phase angle will change during the acceleration. The magnitude of the varia-

tion in sin @y may be determined from the equation,

8‘7 Sin ¢S= % ;AESQ l~ . ) R . . ll B

i

3, Oscillations ebout. the Synéhfonous Orbit.
The motion of a particle on’the'syndhronods-orbi§>is described by the ex-

pressions in the preceding section. Actually, few, if any, particles follow this

orbit precisely. ' There are deviations from the orbit due to the fact that ions

are not injected at the correct frequency corresponding to the central magnetic

| field; also due to the fact that ions are not injected at the synchronous phase>

angle.ﬂs‘but of necessity near a phase angle of 90° (See B-App. I). These causes

will result in phase -oscillations of the radius, energy and phase angle (See

 paper A).

The angular frequency of phase oscillation (A-21) is given approximately for

small oscillations by

Wph = (e V K cos ¢s> wg ' R ' 1

2TEg : _
The period of this oscillation will be Tph= Etih . 13
: - . . wP : S

The amplitude of the'énergy oscillation will be (4-19),

4 1/2 /s - _ :
_ e VE ' 1/2 ~ _
ABpn=* (‘Jﬁ”s_) [Uv(? w - 00 )] | S
where ' ' '
U(f) = - cos-f - @ sin Fg g - _ | ) 15
and f is the maximum vaiue_of g.

‘The émplitude of radial phase oscillation will be giﬁen ﬁsing A-14.

- T AEoh . :
- OTpn= (1) p 2 Ei | | . ' 16

¢ , - .
There will also be additional radial oscillations =~ due, for example, to

"_4‘ﬁ*“‘iﬁhﬁmﬁgéneities—in4theAmagneticffieid~w»~which—will—be~ealled "free-radial oscile

lations." There will also be free vertical oSciliations == 1,6, == oscillations
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perpendicular to the median plan§ of the magnet gap,v=¥fdenoted by az - coordin~
ate -=- dpe.originally.to the ioﬁs starting their orbits at positions displaced,
:frpm'the median plane. |

The general equations of motion of the ion ﬁay be obtained from the Hamil-

L)

tonian

.

NS | 2 (b 2 oA Y2
- 2.2 , P .
ILi_ C{Hop + (pr -2 ) +<—r— -8 Ae) + (Pz -2 Az) } - ed 16a
where & = (Ap, Ag, A;) is the vector po%eptial in cylindrical coordinates and §

is'the accelerating‘potentiai; end P = (pps Pgs Pz) are the canonical momenta.

The investigation of the frée vertical and radial oscillations near any specified

radius, ro, may be carried out while neglecting the accelerating dee voltage.
The mass may be taken as cdnstaﬁto The magnetic field may be taken as a function -
of r and z only, where z is the distance from the median plane. _in this case it

is possible to set A= A, = O and retain only Ag = 4 (r,2z), The equations of

- motion of the ion about a certain equilibrium orbit of radius, ry, under these -

conditions can be written to the first approximation as

Q—Lé_ldtg = = (1on) w,? Ar, | 17
P . | | - R Ly
%é:w_n a.)02 Z,: : | , 18

where Ar (zr - r,) is the deviation from the equilibrium orbit, @, is the

angular freqﬁency in the equilibrium orbit and n is the value of n for the equi-

librium orbit. The:free iadial oscillations will have thé,angulaf frequency QJr

= Vi-n wg-aﬁa theﬁverﬁical;oscillations will have the angular ffequency Wy =

Vi wg. The Verﬁical métion will be stabie only fof ﬁ >0 and_thé radial motion
will be stable only for n :{io'-At n = 1 there will be resonance between the

periods of rotation and vertical oscillation, so in this region the vertical

‘amplitude éould"build'up'due to resonance effects -- in the same manner as the

radial amplitudes couldlbﬁild up at' n = O. Hence, for a stable orbit 0 {n<1.

It follows that both mQr and‘cuz'are smaller or slower than wW,. Consequently,
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" while the ion is performing one revoiution, it will not complete a free radial

or vertical oscillation. The result will be that the azimuthal position in the
machine at which the ion has a maximum radial displacemént will precess. The

precessional period for radial oscillations will be
s 1 | ‘
<™+ - A : 18a
pr= " I-VImn’ \
o
and precessional angﬁlar frequency will be

'wpr:a)o‘(l- \fi:r—x) | o S 19

The change in mean radius during a precessional period will be given by

Drpp=_ L s AE B - 19
1-V1-n (1~n)ps Eg :

4. Operation under Normal Conditions.

Typical operating conditions (e.g., magneﬂic.field, tank pressUre5 eic;)‘are
given in Appendii I. - Unless otherﬁise mentioned‘the discpssion.ahdvdata refer to.'
operation with deuterons. The deuteron beam current‘récéived'on an_intefnal
target.as a functién of the radius is plofted in Fig. 2. Tﬁe miﬁof vériaiions in
the ion measurements between 25 -and 70 inches presumébiy érelnot éignifiqéﬁt and
probably arise due to the méthqa of reading the current. Thé factoré fhat cause
decrease‘of beam intensity (neglecting the effgcts at the maximum fédius reached)
are effective primarily at the small raqii; These are (1) gas scattering,Which
is unimportant at higher energies; (2) return of ions to center which takes
place primarily during the first phase oscillatioﬁ so that most of ﬁhese ions . -
never get beyond a radius of about lo:inches; (3) loss of beam because of thei
increase of the éynchronous phase angle so that ions can.no longer be retained

' N

in stable orbits. (This occurs primarily before a radius of 20 inches is reached);

(4) loss of beam at small radii due to inadequate vertical focusing. Since the

. probe cannot go closer to the center than aboutVZO inches the curve obtsained

(which starts at a radius of 25 inches) would not be expécted to show any consid-

erable change in beam intensity during acceleration.
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5o Lbss of Bean at Largé Radius.

Originally it was exbectéd that.the 5eam could be accelerated to the radius
at wﬁich n.: 1, where the motigﬁ 59@omes rédially unstable. Actually,‘hﬁwever,
most of the beam.disappears at' a radius of abdﬁf_8lo5 inches, Copper pfobes in
the shape of a C (See Fig. 3&) - with‘the open end of the C toward the center of
the tank were placed in the péth,of the béam,to'find out whatlhappenéd to the
béamo. Radioautographs ﬁere made of these probes (See Fig. 3b). They show that
beam is réceivéd in the Eack part of ﬁhe C‘at‘a radius of 75 inches. The radio-
autbgraph at the 82 inch radius shows most of the beam hittihg on the top of the
Co ‘The*lack of 'symmetry for toé and bottoﬁ is probebly due to not centering the
probe in the surface of symmetry of the beam. ‘This surface is determined'as the
surface about which the vértidal oscillations of the ions,téke place. The loés |
of the beam could be consideréd as due to this surface being displaceda However,
densitometer measurements of probe radioautographs.at'r:: 75 inches indicate that
the surface of symmetry is displaced upwards only one=half inch while at r =.80—l/2,
81-3/4, and 82=l/4-inches‘this surfaGQTisiyﬁry'close to the @edian plane of the .

magnet gap. The radioautograph at 83 inches shows all of the beam hitting the

’fop or bottom of the C probe before they83 inch radius is reached and none hitting

at 83 inches, It was also observed that there was a "hot" spot on thé dee at
about this radius,where‘presumably the amplitude ofvvertical oscillations in-

creases sufficiently to cause the ions to hit the dee. The hot spot was on the

top of the dee due to the fact that the surface of symmetry is about one-half

inch above the median plane of the magnet gap while the dee is centered in the gap.

58, GCoupling at n :.052o
It sppears that the coupling between free radial aﬁd vertical oscillations
at n = 0.2 (r = 81.2 @nches) and the coupling between-vertical oscillations and

azimuthal inhomggeneities at n = 0,25 (r = 81,7 inches) is adequate to cause

“this loss of beam,

The émplitude, Ay, of the free radial oscillations is not known accurately
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.butfit is probably of the order on the average of one or two inches. "The ampli-

tude, A,, of vertical oscillation is probably less than. one inch. However, if

: all the‘energy:of fadiel‘oseilletion were fed into the vertical'oscillation, the

f’newiemplitude of vertical osciilation, Az, would be

- : r 2 ' : ‘
Aty = /Ix% + (—;)—;) A% : ‘ 20

At n = 0.2, (u)m/biz) = 2, Hence, if Ay 2 1 inch and the energy in the radial

oscillation were fed into the vertical oeciiletion,'the amplitude A?’; would be at
least'z incheso Now the surface of symmetfy at this radius is abeut one-half
}ﬁch above the medianvplane ef the magnet gapo The verti cal clearance in the dee
is 5 iﬁches so that the distance from the surface of symmetry to the dee will be

only 2 inches. Hence, all ions with Ar > 1 inch would be intercepted by the dee

if this process wentvon°

The extent to which this process goes on may be roughly calculated in two
stepso- We may first calculate the extent of coupllng between the two modes of
oscillation as follows. Let r = r0(1«+—f9), z2=ro CandT = Wyt where We is

the angular, frequency of rotation at the radius in question. (Note that T as

‘used in this section is not the same T as used to denote period of frequency .

/modulatlona) Then the Hamlltonlan, neglectlng the acceleratlng voltages may be -

wrltten in the follow1ng form

_ M lp~ ., pr pz 2 2 2 p2¢2 . 2 2 ‘2 :
H= = +e g + Wws o wE = 21
"2 {M2+M2M2 O’O ob TPt ]‘9

where p is the orbital angular momentum for the equilibrium orbit. The o =

Ig.éigﬂi - represents the coupling coefficient., Transforming to actioh.and

H Or?fr,

angle veriables the Hamiltonian is averaged over the short term oscillations

leaving ohly the long term oscillation due to the coupling term, It is found
then that the duration of the coupling period, 'EJ'B= i.e., the period of the

long term oscillation in‘which period the amplitude of the z oscillation will
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change from its minimum value to & maximum value and back to 1ts minimum value \
agaln == can be represented roughly by TJ - 2Triir° . For o = 604 and Ar =1
T -

inch the coupllng perlod is Ty =277 ° 10, i.e., the time it takes the ion to
eerform 10 revolutions, and during this coupling period at some'time.most of
energy of radial oscillatioﬁ will be in the vertical-eecilla?cion° Hence, if the
duration of the coupling is es large as fEJ, wevean.expect aeconsidefeble varia-
tien in the amplitude of Ag. Actually, when there is a censidereble cﬁange in
Ap, or Ay this method of soiution is not accurate., However, if the.method india'
cates large changes, it is an indication‘of possible danga*pointsé |

Now actually as the ion increases its radius the value of n slowly increases.

‘Whether much energy transfer takes place will depend on the length of time that

the ion is close to resonance.. An estimate of the effectlve pericd of resonance
can be obtained as follows: let n = ng+ sl where no is the value of n at the
resonance., Then substltute this expres31on for n in the uncoupled equations of

motion, 17 and 18, and obtaln the solutlons for the uncoupled equation in fj’ .

’Taklng_these as the solutions of the homogeneous equations we have to solve the -

non=homogeneous coupled equations

feogmpers €, o=
dt? 2 : ' ~ :
and _
&kt a '
s - n1;+or,0ﬁo , _ .23

The method of variation of parameters is used with the above approximate solu-

tions. The variable coefficient in the solution then contains a term of large

+ amplitude which is a Fresnel integral., The time taken to go from the'minimumbto
) the maximum value of this integral gives an appfoximetion to the effective‘resoné

ance period, 1:R == 1l.e.; an approximation to the time during which the coupling

may be considered effective as the. particle passes through the resonance value

n = 0.2, It is found that
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The criterion may now te adopted that if ggp> 73 mostvof.the energy of radial
oscillation will be transferred to vertical oscillation at leest once asvtne ion
goes through thereson.anceo Similafly, if a machine.is being constructed and we’
wish to decide what physicalvconditionrmust be\met to have incomplete energy
trensfer for n = 0.2, the condition would be appreximately that.'tR {Ty; 1.e€.;
we obtain the condition that '

2 i .
o < 0.55 rg AEg . , : 26
0024‘=a ﬁ A Es

Calculetion of Ty for the 184" gynchro-cyclotron with Eg = 2070 Mev and
AEg = 6 Kev‘gi‘ves Tp= 2 ’100, i.e., the passage through the resonance .takes
about 100 revolutions. Hence, we cen'eXfect alnost complete energy transfer and
so can expect that ions with amplitude of radial oscilletion, Aps greeter than 1
inch will be lost near theln-: O°2ﬁradius due to striking the dee, k

-Noﬁ we have discussed above an experiment in which C shapedeprobes were used
to detect the beam. In these experiments it wes found that some of the beam
struck the central part of the probe placed at a radlus of 82 1nches, but thet
none struck the central part of a probe placed at a :adlus of 83 ;ncheso [In
~view of the data discussed»in §15 as to the true center of rotacion\of the ions,
we should probably correct these to 82.2 inches'and 83.2 inches from the actual
center of rotstion of the ions{] Ions which strike in. the central region of the
probe may belong in one cf two éroups° If A, <1 inch we may'expectythe'ions to
be acceleraced past the radius at which n = 0.2 without striking the dee; (The"
possinle loss of these ions will be discussed below.) Ions with Ar>’ 1 can be
expected to get to a radisl distance greater than where n :'Ooé during part of
their orbit, since the resonan£ coupling is effective where the aversge value of
n durlng a revolution is 0. 2 Calculation cf the average valne of n indicates
_that 1f An )2 1/2 1nches, the ion should get to a radius of 83 inches; if Ap >

5-inches the ion should get to a radius of 83-1/2 inches. Hence, we may conclude
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that ie the 184" ions witﬁ 1 inch { Ay < 5 inches may indeed be lost‘by eoupling
near the radlus where n:: 0 2 and not show up ‘on the central part of a probe
placed at a radius of 83 1/2 inches.

_ It is possible’ by using (26) to determlne a limit for @ to insure that ,

; coupling be unlmportant gt n = 0.2, For the. 184" synchremcyclotrbn letting ﬁkE =
6 Kev and Ay = 1 inch it i found that the cogpliﬁg coefficient (- a) should be
less than 00140: Aetually, it is abou.tléo-iz,° Hence, if this is the reason for

'losing the beam at n = 0,2, it would be rather difficult to correct the field in

2 .
this case as this mesns determlning( Ili 3“%) so that it isiless than ,00002/ -
: : v " /rzr,

f

ingz'which means.very high eccuracy in machine_constructien'and'field measure-
menteo The_physical proéess'ean be Seen.as follows; When -& is large the
étrength of the vertical fofces increasxsrapldly wifh radiUS'sieee the field

lines are morevcﬁrved at thetlargerilradii° Hence, when an ion is at large rad11

, ldue to & radial oscxllationg it will experience large vertlcal forceso At smaller
rad11 the vertical forces will be weaker° With a suitable phase relatlon then it
can be seen tﬂet the ion canlhave ite vertical amplltude built ue by the sfrong
forces at large redii which are not counﬁerbalanced by forces of similar strength‘

X

at small radii,

_ In the case of the 37 synchro~cyclotron, with the same value of A, and Z&E
-5 Kev, at the radlus where n = 0.2, (-a ) again sheuld be less than 00140_,The
actual value seems to be smaller than-this° Radiocautographs of C shaped‘probee
show that the beam does hot blow up in the 37" synchro-cyclotron at thevredius
where»pH::Oo2 (ro = lé_inehes)-but that actually a considerable amount of the

_beam does reach the radiusvwhere n = lavahe difference between‘the'two machines may
be due te.the fact tha£ the rate‘ef decrease of the field is mhanging repidly for
the 184" synchrewcyclotfon near;thie raclius° This is not true in the case of the

375 syﬁchrewcyclotfen;'
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5b. GCoupling at n= 0,25,

The coupling here would be between the vertical oscillation and azimuthal
inhomogeneities in'the magnetic field, the ion performing two revolutions for
each vertical oscillation. A term of the form z cos @ would give coupling at

n = 0.25. It is possible to develop Hp, the radial component ofﬂﬁ, in 4 series

.such that we canvhave

He= Mz (1+ hcos@) -~ T2
b ’ .

where h is a small quantity. We then must investigate the solution of

2, . s |
'—g—g:»AE—rQHr:' -vu)gn(l+hcose)z ' 28
| ate Mc | |
Letting Wedt = do, 6 = 28, n = 0025 the equation becomes o ~
Pz, ' ' |
L2+ (l1+hcos2@g)z=0 , o 29

agR ,

which is a form of Hill's equation. 4n approximate solution can be obtained in

T

2 = .C‘onst.

,where'@ (g) is a periodic function. . Hence z will change by a factor e when .

ezzww_g_%), . ' 32

“Investigation of the avaiiablevdata on the field of the 184" magnet indicates

that it is possible that such an. inhomogeneity exists near n = 0.25 with h of the
order of 0.05. Hence, we.may expect that in a period of 24 revolutions, ionms
could increase the amplitude of their vertical oscillation by a factor e.

The.resonance time in this case is found to be . o
Ky =4 ] 0o - . 32
R= 4V | | |

Letting AEg = 5 Kev, d = 0,0015 2 it is found that By = 2 w(104). Hence, the

effective resonance time is sufficiently long to permit a considerable increase

. in the amplitude of vertical 6scillatioq, Only particles with en initial &, K1 v
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inch could be expected to get through this resonarce in the 184" synchro-cyclo-

tron., Hence, this coupling could be expected to account for the loss of-practi%al—
&y55§;of the beam that might have gotten past the n = ©.2 resonance.

There is insufficient data on the 37" magnet to investigate‘the effect of
this coupling fér that ﬁagnet° The“effective resonance time, Ty, is Quite a bit
shorter -- only 27 revolutions. Radiocautographs of a C shaped probe do indicate
that there-is some blowing uﬁ of the beam at r = 18 inches near where n = 0,25,

Invesfigation of the resonance at n = 0.1 indicates that it is not dangerous.

As we go to higher order resonances the coupling is probably much weaker so that

“the coupling period becomes longer. Hence, these resonances are probably unim-

porﬁant°

5¢. Coupling at n = 0.1.

The coupling here would be between the vertical and radial_oscillations'with

S wp =3 wye Assuming a median plane of symmetry, the coupling term in the Hamil-

. 2.2 2.6 - 1 [r! o7m
tonian (21).ﬁould be of the form r§ w5 M2 6 £ 4 » where P ¢ -Z:BT'<H -s;z-ro

o S o o
:-—z%o Actually, K2,6 will contain- other terms but unless the lower deriva-

tives are extremely large,:this will be the important one to consider. We then

find for the condition Ty > Ty that we must have .

6 _ .
6480 —5—7> %y \/2(92}3_0
o~ AFAZ AEg

Assuming Ap = 2 inches, 4z = 1 inch, r, = 80 inches, ﬁ°2 = 5.7, ‘AEg = 10 Kev,

we find that the seventh derivative of (H/Hg) should be less than °1OOO/inch7o
lMagnetic field measurements at each inch of radius might be used to estimate what
the sctual situation is by replacing derivatives by differences. However, the

magnetic measuremen s“gféﬁ;Sf goéd”enough to give really significant valueS‘for
the seventh difference. Ewen so, it appears that there is a large safety factor

at this frequency.
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6. Variation of Ion Current with Voltage.

The maximum_bbtainable ion current as a function of dee &oltage is plotted
in Fig. 4. A1l other cendltions -- such as condenser speed, etc. -- were adjusted
at each voltagé to give @he maximum current. The slope of the line between 9 and
17.5 kv indicates that‘the éurrent varies as ththhird power of the voltage, As°

pointed out in the paper by Richardson, et al,5 there are mény factors that

537, Reglnald Richardson, Byron T. Wright, E. J. Lofgren, and Bernard Peters,
" 'Phys. Rev. 73, 424, 1948. ,

influence the variation of current with voltage: such as

1. Source current. The ion current that can‘be pulled out of the source
will depgnd on the accelerating dee voltage and might be expected to
vary as V3/2o

2, Loss of ions due to collision decreases with incréasihg ion energy.
Hence, if the ion has a shorter path at low energies there will be less
vcolllsion loss. " With higher dee voltages tﬁe path length before a given
energy is attained;will be shorter. |

: 3; The catching efficiency also varies with dee voltage. The equation B-10

indicates for a fixed phase angle the efficiency will varj as V1/2°
Actually, the more detailed considerations of what ions are caught in
phase stable orblts indiceate that the ion current variation is even more
sensitive to the voltage. This is related to the fact that with higher
‘volteges the ions caught in phase stable orbits will reach larger radii
in the first phase oscillation.

7. Variation of Ion Current with Condenser Speed.

" The ion current obtalnable for flxed dee voltages but varylng condenser
speeds is plotted ;anlgo 6. The figure is in terms of I/Ipax vs. C/Cmaxa where
: ‘Im;gnis the maximum ion current for the glven voltage and Cpgy is thg condenser d
speed at which the beam disappeafs° This vafiatioq of C is equivalent to varying

" the synchronous phase angle.,
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" The second paper by Bonm and Foldy gives a curve (B-Fig. 2) which represents
thé capture efficiency as a function of synchronous phase angleo_ However, this
does not represent the above experimental data for the 184" synchro~cjclotron too‘
well, Thié is primarily due to the faét that during a frequency modulation cycle
‘of the 184" synchrchyclotron the value of sin @g varies by.a considerable amou;ato
The increase of ¢s from its‘vaiue during the fi?st phase oscillation to its value .
atvthe maximum (néar r = 35 inches) means that the range of ém’ the maximum value
of.évdﬁring the phase oscillation, in stable arbits will shrink. Hence, although
the ém for a given:ioh ﬁay have been in a stable range &uring the fipst phaée
oscillétion; it may.bé.that at the maximum ¢s thé am is no longer stable. If we
know the maximum vglue of ¢s during the fm cycle, we can determine what réngé of
5m will be stable at that @s. Since ém will not remain constant during the cycle
it is necessary to be able to connect the Yalug of ém at r = 35 inches (amf) with
the value of ém in the first phase oscillétion (;éms)° (In the'foilowing the
secondvsubscript 8 denotes the value 6f the quantityvgt the startfin the first
vphase oécillatidn and the subscript £ the final value - or the value at‘r.: 35
incheso) An approximate relation betﬁeén these two values of ém may be obtained
as follows. |
We~kﬁow that during adiabatic changes the action integral as giveﬁ‘ih (A),

dJd ::j,i é d g is invariantAundéf such changes, where I = ES/LDE K _ 33
and | | | } |

R = e_"ﬁ_g_li [U(;dm) - U(fé)]b ,
. _1TE0 '
or

PPy SN—“’gﬁ-[cos ¢.+ (@ - /2) sin ¢s] . - 34
mEo . 1

Wie shall assume that the change in i on going from the first phase oscillation to
the situation where r = 35 inches is adiabatic. Now @ varies between upper and
lower limits and we assume that a crude approximation to the evaluation of J may

be obtained by setting @ = @y sin' wpp t (See A-22).
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Then

o °2
Jd = Iﬁﬁfsinz a)phtdt-_-qr%%?( . 35 .

Hence, we sssume for this approximation that Iﬁ%f&EPh is constant in time. Now
we are inferested in the limiting ﬁm retained when r = 35 inches, This will be

for fp=T = @z, Hence

° ) 2 - - .
gR = ijézgg [éos @+ cos fs +(f + P - ) Sin ¢s] . , 36

Since # has its maximum value at @ = fg, we have

. a2 | 2 S
¢§lsbf: 2 M [COS ¢s+ (ﬁs - T/2) Sinvgs] f, 2 eVu);K Fq (17'/29’35) £ 37

where‘¢o is the phase angle at the éfart of the acceleration and P, is value of #
at this angle. It is shown in B that the effective starting phase, @, for all .

ions is T/2. Hence, setting @ = g to get ¢m$’ we have
Rz R+ 2 e (2] . 40
"= Mc 8 '

Using (35), (37), and (40) we then have

o u) ’ : I ° | ) | .
2 _ [ “ph ' 2
¢ms‘- ('I )s Luph>f ¢m,-f o : 4
or . . | _ ’
p (wen) (I [2evu)§1< (/2. g )]- reVwik (/2. g
= : : Fy (/2 8. -| ——F; (/2 . 42
57 \'1 Js\wpgy)t Larue? "1 0777 " ]g [’ITMC? ! ’ Sils |

Substituting for I,ﬁa)ph we get

2

w2 - g kgms - W2 | |
I cos Ve Kg°Egf
(" ° ) fos=2 Ps 8% 52 Py (/2, fsr) = F1(T/2, feg)e 43
s

eV w K

cos fsr °-Vg Kg ° Egs °“J§f

nMcz Trilc
: ' N
where : : ,
Fy (@5, Bs)= [cos o+ cos/?js + (¢o+- _¢s‘°’ ) sin ¢s] . . 38
- The value of ¢2 at the start should be given by (B-6)
n o eV | o
#= B+ 08 [cos¢»cos¢o+(¢~¢o> sin g , T
Triic< _ . .
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°

This will give the limiting stable @, which can start in the firét phase 6scilla;
tion and just be retained when r = 35 inches. For sﬁall phase angles this may |
give a greater range of phase stability thaﬁ is given by B-8. Hence; the limit-
ing.éo is determined by the smaller of the two quantities either B-8 or 43 above,
since the first one indicates ions that can be retained at small radiivand the
latter indicates those that can be retained at larger radii.

The calculation of ags depends on the value of certain quantities in the
first phase oscillation, NowiK varies considerably in the first few inches. A
’reasonable value to take seems to be that at thé7radius‘where b goes from posi-
tive values ﬁo negative values since qnly those where é Eecomes negative will be
retained. We are interested in ions whose initial éo is near the ﬁaximum posi-
t'ive'value° A rough calculation indicates that for Fgg < /4 a reasoﬂablé'value
of r = 10 inches. On this basis a captére efflclency curve Ly (f7) was computed
and plotted agalnst the maximum phase angle an ion might have in its orbit (See
Flgo 5) where the relatlon between:the total range of ﬁo that may be captured
into permanéntiy stable orbits and Ly (f)) is given»by

C Awn = ()i = ———ev“)gK) 217 ( ).
~Ws-= \Po/ fotal ~ mHcl)s = L VP | 438
It.wili be noted that this capture efficienqy drops to zero before sin ¢Sf = 1.
This is due to the fact that all ions captured staft off with a éer£ain minimum
amount of phase{éscillaﬁion -= since they start at a phase ¢o = /2 which is
different from ¢Sso‘ As fgg — Tr/2 the rangé of phase stability décreases-rapidly”
toward zero. Hence, ions start with a éo whichAmay be stable when the ¢s for-the
ion is small at the start of the orbitnsa but then as ¢s increases as the radius
increases, the é falls outside of the range of stability. This capture curve is
compared with experimental data in Fig. 6. The‘séales have been ekpanded so that the

curves become zero at the same abscissa. There is good agreement in the general

shape of the curves.
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8. Efficiency or Acceptence Time.

An expression for the efficiency is given in B=9. With the changes in

notation introduced in this paper and using 37 the effiéiency, €, will be given

now by .
Aw Aw VK . 2Li(p)
€= ““S = 1 . ° = o e o 44
| 1 |dwg | "dln wg| @5 | mucR  |adn wy
clat | | at | aT
The optimum value of Ll(fj) = 0.49. At the start of acceleration fié%iiiﬁiw = 1.47
ue o : : : _ . p
and K = 2,10, so that '
g=o.55 | S | 43

He?
If V =32 kv, € =0.0023, -
Somé,eXperimentalvdata on the acceptance time is given in Fig. 7. This

data was.dbtained by pulsing fhe arc for 2 ps and then measuring the ion current
received on a probe at a radius of 75", Thé figure shows the ion current received °
whén»the arc was pulsed at different‘kimes.in fhe frequency modulation cyéle° A
reasoﬁable explanation of this cﬁrve would seem to Pe the following° Ions are
fc;eated at the time the arc is pulsed. These ions can persist in the central

region of the machine for a certain length of time, possibly undergoing radial

phase oscillations, If during this persistence time, tpe accelerating frequency

comes into the range for acceleration into stable orbits, a certain_fraction will
“be acceleréted° if nqt,vthe ions are fresumably lost to the top or bottom of the
tank. Hence, the maximum length of arc pulse'which can ¢reate ions that can be .
accelerated into stable orbits will be the sum of the péfsistence time plus the‘
time that the frequency is in the range fbr acceleration into stable orbits.
‘Thié.latter time is what héé been called the "accepﬁancé" Fime in these papers.
The data in Fig. 7 indiqaﬁes a persiStgnce time of'about 60 s (from t = 20 us to
t ~ 82 Fs) and an acceptance time of a?eubfZO)QS (from t = 82 ks to t = 122 ps)

The observed "efficiency" will be the ratio of the "acceptance time" to the
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‘length of the cycle =- so in this case where the cycle is 1/80 of a second,

£ = (40ps)/(1/80 sec.) = .0032 which is in reasonable agreement with the effi-
ciencj_computed above. [The inteérated current comes out to be 1.05pa. This is
also in fair agreement with the total curreﬁt normally receiveaJ |

9, Efficiency as a Function of Rate of Freguency Modulation.

The efficiency depends, as is indicated in (44), on the rate of frequeﬁcy
modulation duriné the . first phase éscillationo' It also depends on Which ions
caught in the first phase oscillation cénvbe retained in'staeble orbits. The
‘maximum frequency of the oséillator in the 184" synchro»cyclotrogrunder normal
voberation is 12.61 megacycles, (See Fig. 1). The frequency for catching deuterons
is 11.47 megacycles fér Heo = 15,000 gauss. Hence, the frequency is chénging
fairly rapidly in the first phase oscillation., By making an appropriate adjust-
ment it was possible to have the maximum frequency in the fm cycle only 11.63 mc so
-that thé rate of frequency modulation wés much slower during the first cycle.

. Hence, this fattor would indicate a considerable increase in efficiency. The

effect of this change in is to start ions off with a small phasé

dhntug
at
angle, ¢ss andfsubsequéntly introduce a large change in it. But the function
Ll(p ) will be small for very small values of P (= sin ). Thus the gain from
other factors will be offset to some extent. ' '
Data is not available to investigate thoroughly this effect. However,
rough calculations indicate that the efficiency probably should be increased
somewhat, say 20 percent in one of the cases investigated. The experimehtal

data gave values of increase in efficiency ranging from O percent to 17 percent.

10. Tank.Pressureo'

The 184" cyclotron dee will not hold voltage if the pressure in the tank is
much above 2 x 1072 mm Hg. On the other hand the normal operating tank pressures
‘gre in the néighborhobd of 1 x 10“’5 mm Hg. Hence, it has not been possible be;
éause of this.limited range to obtain much satisfactory experimental data oﬁ the

variation of ion current with tank pressure.
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11, Vertical Focusing.

6 7

- Electrostatic focusing in cyclotrons has been considered by Rose~ and Wilson.

6 M., E. Rose, Phys. Rev. 53, 392, 1937.

7 R. R. Wilson, Phys. Bev. 53, 408, 1937.

It is due to the vértiéal components of the electric field near the dee gap. The
formula derived by Rose is.vaiid at larger radii, where the ion crbssés\the
accelerating gap in a relatively short time. If the acceleration is averaged

over one period of rotation,_the mean acceleration is given by

iz) = ,M__ cos @ . | . 46
at?/ 4w (B-Eg) . | |

This expreésion breaks down for E,; Eg = O,_ioeo, atvsmall radii, since here the
ion spends most or all of its time in the accelerating regiop° For very small
radii we can assume that the ion is in an electrostatic‘field uniform in- the
median plane. If fhere are two dees or a dee and a dummy dee so0 that the vertical
component of the electrostatic field will be symmetrical ébout the center of the
gap and zero at the center; an approximate formula for thé electrogtatic focusing

in the central region is

ﬁ) - - er3>§ cos @ [ YA ]
at? &M 1oz20x3ly 0, 2=0

s . 47

"where x is measprea in the median plane perpendicular to a céntéy line between
the dees. The derivative may be evaluated in two cases from the'pofential dis-

B ., .
tribution given in Wilson's paper.

Now it has been pointed out before that the effective value ofvﬁlnéar the
beginning‘of the orbit is ¢0 :'9000 Also, most of the ions that are caught have
B‘) 0 at the start. Hence,,ﬂ > w/2 in the early part ofﬂtpe acceleration and
we can expegt a defocusing electrostatic force fér most of the ions with which
we are concerned.

A magnetic focusing force ig‘the only force that can be used to counteract
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this:defocusing force. The magnitude of the magnetlc focusing force is given by:
(18). The value_of n at the center is zero. Hence, to introduce magnetic focus-
ing as rapidly as possible smallvcones of mild‘steel were put in thepcentral part
of the magnet on,thelpole faces. At first cones with base dismeter /4 inches and
l»?/Bvinches high were used, later‘cones with base diameten 6 inches were used.
Wlth the cones in place the field is essentlelly constant to the 1 inch |
radlus, then falls oﬂfabout llnearly with radlus, however with the cones removed
the fleld is constant to the 8 inch radius then falls oﬁ“llnearlyo With these
conesiremOVed, thevion cnrrent received on an internal target at the 80 inch_
~ radius is.approximately IQ percent of the ion current obtainable With the cones i
in place, ;t, therefore, seems very desirable that such cones be used to produce

vertical magnetic focusing at as small a radius as possible.

12. Oscilloscope Datao

It has been possible to examlne.the structutre of therlnd1v1dual beam pulses
that are recelved once each frequency modulatlon cycle, using a synchroscope and
taklng photographs of the oscllloscope pattern° Time markers were superposed on
the beam pattern to permit determination of,time interyalso Typical photographs
are given in Fig."9. A schematic picture is given in Fig. 8 == with the nota--
‘tion which is to be used below, Data obbained from such photographs are given in
Table 3: | | ‘

The ions as they are accelefated oscillate in various fashions about a
synchronous orbit of;steadily increasing radiusoj The time it bakes for the ions
to reach the probe radins is called the "time ‘of flight." The time of fiight to
H.anj specified radius can be computed by detefmining when the oscillator frequency
corresponds to the natural frequency of rotatlon at the spec1f1ed radius. This
-computed tlme in all cases lies within or close to the 11m1ts t15 to. The cases
where it lies outside the limits are _understandable in terms of the ‘arc being
pulsed at a slightly too eari& time so that ions ‘are not accelerated immediately

'bup must stay for a short time in the central region of the machine before

\
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acceleration;

The actual motioniofvthe ions which affect these oscillescope patterns can be
broken down into three component's°

1. Expansion of.the synchrdnou; radius;

2. Phase oscillations about this radius.

3. ‘Free radial oscillétions;about this radius.
‘The most noticeable thing ébout the pictures is the series of small pulses that
occur every 7-13 microseéonds, depeﬁding on the radius,v The separation time, t3,
of these pulses agrees well with the precessional period, Tpr.(Eqn 18a). This
precessional pefiod will be apparent only for ions which have a free radial os-
cilletion. The fact that the ions strike the prqbe in bunches -- not continuously

-- indicates that .} @,the azimuthal angles at which the various ions:

have theif maximum radial disPlaCemeﬁt are not distributed at random but are
groﬁped together to a certain extent. Such a radial oscillation'mighé be built
up due to some sort of an azimuthal_inhomogeneity_at small radii where n = 0, by
the dee bias u’sed,‘etc° If n= 0 we caﬁ exbect ﬁhat,the amplitﬁde of such oscil- .
lations can be built ﬁp; for when n= 0 displacements or forces acting at a
certain azimuthal angle in the machine will be cumulativé-fof successive revolu-
tions; however, when n )10, the‘azimufhai'angle of maximum displacement will
precess around the machine so thése successive displéceménts will come &t differ;
ent.parts of the orbit and hence will not be cumulative. Some such condition
appears to e;isy in't‘his'machineo The ions receive sémg radial displacement‘in .
a definite direction at thé staft of their acceleration 80 thét the azimuthal
- angles of maximum-displacément are-pretﬁy well bunched ﬁogether in the_egf1j part
of the acceleration, Calculation indicates that such a'ghnching cquld‘persist
for sévéral phase oscillations, |

" If the envelope‘of the smell peaks is drewn, two broad peaks may be seen on
'vsome‘photographs° The timejseparation of these peaks, t,, agrees well with the

period of phase oscillation, Tpp (See Eqn 13). The fact that these are separated . =~

' -
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by the full pericd Tph, mus% méén that ions that strike the probe in thé“early
group have an aﬁplitude of free radial oscillation which is about as large as or
larger than the amount that the radius increases in & period of phese oscillation.
It was also obséfved while making these oscilloscope pictufes if the arc
pulsé ﬁas moved so¢ that the arc was.pﬁlsed-very late that these ions were received
at the brébe at a sOmewhattearlier time than the ions which étart just before them.,
This effect probably is to.be interpreted in the following manner. Ions that.
start late will have large phase oscillations., Hen¢e, fof most probé positions
" these late ioné will be expected to strike the prébe earlier than ions with
smaller phase oscillations,

13. Width of Beam on Probe.

Fhen the ions strike the probe they will not be scraped off by the very
‘edge of the probe, but will hit at various sméll”distances in on the probe due
tc the combined effect of radial oscillation and pré_cession° For radii wﬁere
there are a large number of'revolufions in a precessional'period an approximaté
analytical formula can be obtained to give the.maximdm width, h, in on the probe
%vmmhimswﬂlswﬂ@, .\-, | |
hpax = Ap {sin fe, - sin 21Tf(1»f)4; cos ‘£8, [cos 27 f(1-f) - %]}_ 48

where Ay is the amplitude of free radial oscillation, f = \/len and

- cos f@é =1- fEEEE.T v | o _ 49

Ap
A maximum value of l&fpr may be obtaified using (19a) and an energy gain per’ turn
AE = eV, the maximum possible increase in_eneréy pei"turno Tb get the dfstfiﬁu-
tion of thé ions on the probe an energy gain per turn of AE = eV sin ¢S is more
fepresentative if the precessional period is a considerable fraction of the period
of phaée .osciilation° (The relation (48) is.valia only if ZXfpr/Ar‘(< 1):‘_A
first approximation to ﬁhe solution of (48) indicates roughly the following

dependance of hpgy on n, Ap, and Arp as
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hpax = 7n V2 Arpp o | - S50
Values of hpax based onvthis‘formula for r= 20 in;hes, 40 inches and 70 inches
aﬁd ﬁith both aséumptions‘asbto [sEi(with V = 40 kv) are given in the following
taﬁlee The value of hﬁax for r = 81 inches ‘was: dé?érmined,by a more detailed.

study of the orbits,

/ g
Table 1, Maximum Width for Ions to Hit on Probe

(all distances in inches)

r Arp Brex Drpp** o hpax
Ar _ l" Ar - 3“ Ar = 5" Ar_—_-_ l" Ar = 3" Ar = 5ﬂ. -
20 1,56 - 0.10" - 0,13" | | e e -
40 0033 0006 . 0127“ 016‘ lol p ‘meoe . 0023 ’ 0030"
70 0,12 | 0.08 73 .18 0.4 | 0.4 0.25 ;0,32
ler o003 | 006 08 - [ 01 | om 0.16 -
% based on AE = eV sin fg " 's% based on AE = 40 Kev'

Various experiments have been pérformed_to détermiﬁe the distribution of the:
beam on the probe. In one prerimeﬁt'a lead probe was.inseffed into the beam at.
a radi&s of 81 inches. Thin slices\gls& were takeﬁ off the leading edge of the
probe andvspecific activity_gounts were madeo The number of counts at ﬁarious
distances is shown in Fig. 10. The activity is almoét all>COnfined.to h (Ibglé
‘ inch == ohly abéut 5 percent of the measured activity shown on the curve having
a greater h. The counts for h > 0.20 inéh canfprobably be attributed tq ions
which pass through ﬁhé edge of the ‘probe and then are scattered; or -lose energy
and.prééess with a large-groi |

1,. Amplitude of Free Radial and Vertical Oscillation.

A method of accurately determining the amplitudés of radial oscillation has

i
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hot'geen foun.o.o There are varlous thlngs wh1ch mlght give some indication of 1t
The radloautographs of the C shaped probes 1ndlcate an upper 11m1t on 1t of maybe
/5 inches.. The oscilloscope data indicates that Ar may. be of the order of 3 1nches

for a consxderable fractlon of the ions, The speciflc probe act1v1ty-as a functlon

of the dlstances from the leadlng edge seems to 1ndlcate somewhat the same thlngo‘

Howevers none of these data are very precise.” - -
The amplltude of vertlcal oscillation is somewhat eas1er to observe by '
“meking an analysis of the dlstrlbutlonxof.act1v1py,mmqgnu&,probes, e,gu,-a grld

of fine wireso' Radioautograbhs of these wire probes indicate that the'amplitude'

of verticel osc1llatlon is of the order of three—quarters of an inch

150. Dlsplacement of the Center of Rotation of the Ions from the Center of the
Magneto ‘ -I : ‘

The position o?‘the cenﬁer of‘rotetion'wés determioed in two ways., ‘The.
first method was based on magnetio field measurementsem Toe vertical fieid
strength was measured'as'a functioniof,azimothal angiefforivari%us_radiio‘ The
field'measurements could‘then be analyzed to give - .e, | ,

H,(r,6) = Hy(r) [l+£hl(r cos (6+ 51)] o 51
If we then let a be the displacement of the center of rotation,vu31ng only the
.flrst order harmonic, the value of g will be given by |

&% rhy/n ! S s

The direction of displacement is indicated by4'51.which isefound to ' be about 105°
away from the probe'position° The magnitude of the displecemeno isvabouﬁ 0.6
inch - at r = 10 inches and increases to about 0.8 inch . at r =60 inches. After
60 inches it increases somewhat due to the increase in hy(r). HoweVer, as soon as
n starts fo‘increase rapidly & drops and is about 0.2 inch from 81 to 82 inches,

This oenter'was aiso determined by means of two extra non=-current reading
probes,, The results of these measurements agree well with the results as calcu-
lated from the magnetlc measurementso |

If the energy of the ions is going to be determlned from the radius of ,

rotation, this effect should be taken into accounto | f : Q
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Appendix I.  Typical operating conditions.

20

' Se

7.

1.

The magnetic field is 15,000 guass at the cenﬁer of the'gaﬁn

The dee voltage (average over the cycle) is 20 kv on, the dee or & total
maxlmum p0331b1e energy gain per turn of 40 kv R »
A d.c. bias voltage of 1 kv negatlve w1th respect to ground is applled
to the dee° |

A dummy dee is used which3_is held at ground.

The rf is modulated 100 times per eecend._.This is accomplished by a

variable capacitor which is rotated at 250 r.p.m. The,capacitorrhas 24

teeth so that it then gives»gégigé-: 100 cycles per second. The total

60
frequency renge is from 12.6 to 9.0 megacycles.

The pressure in the mein vacuum tank and in the rotating capacitor tank

is about 10°° mm Hg.

‘The arc veltage of 150 volts. is applied for 100 mierosecbhds darihg

each rf modulation cycle. The arc current during this 100 p sec. pulse

is about 20 amps.

Information Divislon

ud 5/20/49.
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Figure Captions

_ Fig. la
1b
2

3a
3b-

10

Deutercn Energy, Hlagnetic Field and n as a Function ofvthe Radius

»Varlatlon of Modulatlon Frequency and Applled Voltage w1th Tlme

Ion Current as Functlon of Radlus ‘ C .

;Diagram Showing C Shaped Probe in 184"

Radioautographs . of Beam Taken with.C Shaped Probe (Taken at Radll 75
Inches, 82 Inches, 83 Inches) _

Ion Current as a Function of the Dee Voltage

Theoretlcal Efficlency for Constant Dee Voltage and Varylng Condenser
Speed : :

Variation of Ion Current with Condenser Speed (or Synchronous Phase
Angle)

Ion Current Received as a Function of Arc Pulse Position
Schematic Drawing of Oscllloscope Pattern
Oscilloscope P:Lcturee° Radius 25 Inches, 34 Inches, 45 Inches

Width of Beam on Probe
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~Table 2. Data on 184" S%ynchro=Cyclotrono Deuﬁeron Energy, etc.

(inehes) E}% ot ﬁ? }?&53) QE%S‘E im0 AEIS{SSQ} T
0. 11,0000 [0.0000 |6.37 o 11465 | 1.43 3.7 0.955
5 | ,9981 |0.0026 | 3.83 | 1084.7 TM 0.8 |11.439 | 1.45 6.2 | .90
10 .9957 |0.0040 | 2.10 | 273.25 ;' 3.4 111,396 | 1.47 11.5 .963
15 15937 10,0060 | 174 | 121,46 7.6 11,347 | 1.48 14.1 972
20 .9913 |0.0111 |1.78 | 69.66 | 13.5 11.285 | 1.49 14.0 .980
25 9885 | .01 | 1.66| 45.21 | 21.0 |11.206 | 149 15.2 .990
30 .9856 | .016 | 1.53 | 31.87 | 30.1 11.122 ; 1.49 16.7 1.002

35| 9829 | 020 | 1.49| 23.79 | 4L.1 11,027 L6 17.0 | 1,014
40 (5798 | 028 | 1.53 | 18.57 | 52.6 [10.927 | L.42 16.4, 1.027
1745 | 9763 | .031 |1.48| 14.98 | 65.9 |10.813 | 1.38 | 16,7 | 1.043
50 9732 | 032 |1.41| 12.40 | 80.4 |10.699 | 1.32 17.1 [ 1.058
55 29698 | 040 | 1.4 | 10.50 | 96.2 |10.576 | 1.25 16.2 1.070
Mméé"“”wwlﬂléésé'f”;ds5 Elosz 9,037 | 113.2 | 10,442 ; 1.15 Ud | 1.086
65 | 9614 | .055 | 1.46| 7.912 |127.9 10,319 | 1.7 | .2 | 1.097
70 'éw':ég’—?é! 051 11038 | .07 [150.0 (10,166 0.97 | 1.0 1.110
75 § 9540 | 057 |L.38 |  6.272 1170.0 110.028 | 0.87 12.9 1,122
776 9533 .06 1.36| 6.Li4 |174.1 10.001 | 0.8 12.8 1,125
77 5 .9526 | 057 11.36 | 6.013 |178.5 | 9.972 .83 12,5 1.128
78 9519 | L066 | Ll 5,893 | 182.6 | 9.945 .82 12.0 1.129
79 9510 | 081 | L.51 57779 186.8 | 9.915 .80 11.0 1.130
80 5499 | 113 11972 | 5.674 |190.8 | 9.865 .8 9.5 1,131
81 ug2 | 176 [2.19 | 5.575 | 194.7 | 9.848 | .76 7.3 1.135
82 9456 | .292 [3.27 |  5.486 | 198.4 | 9.804 73 LT 1.138
83 9413 | 42k | 5.00 | 5.423 | 201.1 | 9.747 | .70 —— 1. 140
8, 9351 | oL 667 | 5.372 203,31 9.672 | .65 - 1,242
785 0.9219 |1.080 | ---- | 5.393 gzozaa 9.5,0 | 0.64 T s
. | |

# H, = 15,000 géuss (4 inch cones in center)
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Table 3. 0scilloécope Patterﬁ Data .
(Dee Voltage = 19 kv) 7 |
Plate|Dee | Radius| Arc C [t1 |t2 |Time off'ts |No. [t3 [Tpr= [t4 |Tpn - | (6T)ph
No. {Bias| ~ Pulse L - |Flight of ' Preces- Pgase
(kv) Dura- . Pips|. sional Period
: tion ! Period E :
(inches) (ug) sec?ly.s Bs | Hs Hs Ms Ms Ks | s inches |-
48 - 25 5 | 921156192 158 36 | 4 {12.0] 12.9 |-- | 41 | 3.9
51 34" 5 92 |235/294| 256 |59 T 1 98] 9.5 |-= 47 3.7
54 45" 5 | 92[450(535| 473 85 | 12 | 7.7 61 [45 | 47 | 2.8
83 25" | 50| 921121166, 158 |41 | 4 |13.1] 12.9 |-- | 41
80 34N 115 | 92(168]238] 256 |71 | 8 [10.1] 9.5 41 |- 47
88 45" | 50 | 119(270|357| 318 180 | 12 | 7.2| 6.1 |47 | 47
70 34" | 5| 520440/536] 450 |96 | 9 |12.5] 9.5
73 EXE 5 | 108[240|310] 216 |70 | 7 |12.0] 9.5
76 340 5| 140/180{205| 167 |25 | 3 [11.5] 9.5 |
|
64 |0.5 | 34m 5 | 92[250(285| 256 |45 | 4 [10.2| 9.5 ;
66 12,0 | 34n 5| 92/250{320{ 256 (65 | 7 |10.2] 9.5 | |
68 4.5 | 34" 5 | 92|225/290] 256 100 | 7 10.3] 9.5
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ION CURRENT IN AMPS
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PULSE LENGTH : 2 us

SPEED OF ROTATION : 200 R.P. M.

RADIUS : 75 INGHES
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ARC PULSE POSITION (IN MICROSECONDS)

FIG. 7
ION CURRENT RECEIVED AS A FUNCTION OF ARC PULSE POSITION
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SCHEMATIC DRAWING OF OSCILLOSCOPE PATTERN
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