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Determination and Correction of Beam Phase

Since the 88-inch cyclotron does not yet have a reliable phase probe, we have
developed a method for determining the beam phase distribution as a function of radius
by an analysis of beam intensity vs radius (I vs R) measurements on an ordinary probe
for a range of dee frequencies.

We note first that, apart from an additive constant, the sine of the phase lag
for all particles in the beam is the same funetion of radius. Specifically, the phase

lag ¢ is given by

R
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where AB(R) is the departure of the actual magnetic field from the synchronous field
Bs(B), Aw is the departure of the frequency from the value w corresponding to Bs’ and
AE is the peak energy gain per turn., The procedure is to determine the AB contribution
to 8in ¢ by a systematic variation of the known Aw term,

Suppose, for example, that the beam phase behavior for the reference frequency is
shown in Fig. 1(a). Each solid curve shows the phase history of a representative
particle in the beam. The resultant I vs R curve [Fig. 1(b)] shows constant intensity
to radius A, where some particles begin to be decelerated; decreasing intensity to
radius B; constant intensity to radius C; and the final decrease to zero intensity
at radius D, If the frequency is decreased, the curves of Fig. 1(a) are shif ted down-
ward by an amount proportional to R®Aw, causing points A and B to move inward, and C
and D to move outward in radius by amounts uniquely determined by the shape of the
sin ¢ curves of Fig. 1(a). At the same time the intensity in the plateau between B and
C decreases, eventually reaching zero when the uppermost phase curve of Fig. 1(a) is
depressed to -1 at B, On the other hand, inereasing the frequency causes points A and
B to move outward, and C and D inward. Eventually the dip at A will disappear. At
some positive frequency shift two new intensity break points will appear at smaller

radii as the inner maximum exceeds sin ¢ = +1,

(*) VWork done under auspices of USAEC,
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Fig. 1 (a) Phases of beam particles versus radius for a ' ' '
hypothetical case.
(b) Intensity on a probe versus radius for =
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Fig. 2 (a) Beam intensity versus radius for various
negative frequency shifts. Reference frequency
fo = 12,538 Mc/8, a particles, 130 MeV, Taken
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Fig. 3 Phase history of 130 MeV a-particle beam, as
deduced from I vs R curves of Fig. 2,

Because of the unique relation between the I v8 R and the gin ¢(R) curves, the
phase curves for a reference frequency may be deduced from a set of I vs R measure-
ments at different frequeneies by subtraecting the appropriate frequency-shift
eontributions to sin ¢ at the break points from * 1, Moreover, from the shape of
the I vs R curves between break points like A and B one can deduce the phase
distribution of the beam,

A typical set of such measurements taken from a 130 MeV a-particle beam is
shown in Fig. 2 (cleaned up to show relevant features). The intensity losses were
shown to arise from lack of synchronism, rather than axial losses, by observing that
no current appeared on a stationary probe above and below the median plane (C-probe)
as the moving probe was withdrawn. The phase diagram deduced from these curves is
shown in Fig., 3. The crosses mark points which were predicted by computer programs
that used measured iron and trim-coil fields, It should be remarked that such
detailed information about beam-phase behavior requires a high degree of stability
of frequency and magnetie field, since frequency shifts of 1 ke cause significant

changes in the I ve R curves.
The phase widths of beams we have analyzed are 40 to 50° and the distribution
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Fig. 5 Contribution to vzz {i.e. of —(R/B(dB/dR}] from
increase of each power-supply current by 100 A
and the main-coil by 10 A. The v_? curve is a
computer prediction based on a particular set of
trim-coil settings (130 MeV a particles).

Fig. 4 Change in sin¢ resulting from a 100 A decrease in
each trim-coil power-supply current, a 100 A in-
crease in main-coil eurrent and a 10 ke/s decrease
in frequency.

seems to be peaked towards the phase-lagging side, which is reasonable for the source-
puller geometry used.

Improvement of beam-phase behavior, if indicated, is obtained from computed
curves showing the contribution of each trim coil (or set of trim coils connected in
series) to sin ¢(R); see Fig. 4. Since these trim-coil effects are rather flat out
to the coil radius, they make a contribution to sin ¢ quadratic in radius, as does
the frequency~shift term. Consequently, simultaneous tuning of a trim coil and the
dee frequency can make a phase correction starting near one of the undesirable peaks
or valleys of the sin ¢ curves. Though this correction will continue out to larger
radii, trim coils farther out can compensate. In this way one can systematically

gstraighten out the phase curves,

Beam Centering

A convenient way to determine if the beam is centered is to place the three
probes (120o apart) at the same radius. The beam is centered if, and only if, each
probe picks up the same amount of beam.

The beam may be centered by changes of dee voltage and source-puller geometry,
by tuning with the first-harmonic correction coils in the valleys, or both. While the
first method is most useful for getting the beam centered at all radii, it is harder
than the second method, which generally suffices to center the beam near the coupling

resonance radius and deflector entrance.

Vertical Stability

The most useful instrument for detecting axial loss has been the so-called

C-probe, which extends above and below the median plane, over a large radial range.
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By watching C-probe current versus radius

on another probe one can identify the
radii where axial loss occurs.

The effect of the trim coils on

<
. c 2 R . . ~
axial stability is conveniently dis- =% .
] a
played by use of curves of the contribution o °r 77
to v; of each trim-coil power supply; -ost
namely, the contribution teo -10 :
[»] 920 180 270 360
' = (R/B)(dB/dR). These are shown in & (deg)
Flgo 5 for the 130 MeV a case. One must Fig. 6 Graphical construction to deduce fraction of beam
. ' hitting two shadowing probes for v_ = 1,05,
take care that the u changes from the g2 = 120°, Ar/A = 0,12, (R, = radius, upstream
probe; R, = radius, downstream probe;
trim coils do not cause vertical instability. ¢z = azimuth, downstream probe; 0 = azimuth,
upstream probe).
1. Draw curve 1 : 1 - cos ¢
Radial ~Amplitude Determination 2, Draw curve 2 : (R; = Ry)/A + [1 - cos(¢ - v 82)]
3. From origin draw horizontal segment to left of
: 3 3 length & = 27(v_, - 1)
The a.mplltude of incoherent radial 4, From end of A l;egment draw vertical segment of
. . height Ar/A
oscillations may be deduced from measure- 5. Complete triangle to obtain angle a = cot™'(4A/Ar)
. 6. Mark intersections A, B of curves 1 and 2
ments of the radial extent of the shadow 7. Draw a line, parallel to OP, at angle a, as high
as possible but not above intersection A or
cast by one probe on another. We have above eurve 2
8, Draw a line, parallel to OP, at angle a, as high
worked out a graphical method fOl‘ pre_ as possible but not above intersection B or
above curve 1
. : CR) 9, Mark intersection P, A of the above two lines
dlctlng such shadow shapes, similar to with abscissa 00, I,’hases ¢ between ?p and (PQ
. R (at turn zero) will strike probe 2.
that used for predicting deflector Hence fraction on probe 2 = PQ/00' = (9 - 95)360°
. . .. 1) 10, Project P, Q upward onto horizontal liné of
transmission efficiency ‘. height (R: - R,)/A
11. Repeat procedure with newx curves 2 for Yarious
Consider two probes, an upstream (Rz - Ry)/A. Connect resulting points P', Q'.
The resulting curve (3) shows the phases hitting
one at Padius Rl and zZero azimuth, a probe 2 as a function of radial probe separation.

downstream one at radius R2 and azimuth
62 < w. Suppose a particle has radial amplitude A, phase ¢ and equilibrium orbit

radius on the zeroth

turn (we may label turns arbitrarily) Toeq = Ry - A- AAr, where
Ar is the turn separation and A, 0 < A < 1, is a random variable expressing the
assumption that the radial density distribution is uniform. On the kth turn the

radius of this particle at azimuth 4 will be

rk(ﬁ) = Bl + (k =2\) Ar - A §1 - cos [vrﬂ -9 + 21r(vr - k]! (2)

where ¢, A are random variables within the limits
‘0 € ¢ < 2w, 0<Ag . (3)

A particle will strike the upstream probe if there is some turn number n such that
rk(O) < R1 and rk(ﬁz) < R2 for all k < n, and rn(O) > Ri; otherwige, it will strike
the downstream probe. These conditions may be written
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1 -cos (¢ - kA) > (k =) Ar/A
all k <n
(R2 - Bl)/A + [1 - cos(p -~ kA - uroz)] > (k - A\) Ar/A @

1 - cos(p - mA) < (n - A) Or/A

where A = 211(11r - 1) and ¢, A obey eq.(3). The construction is illustrated in

Fig. 6 for a particular choice of 9,5, V., and Ar/A. For each choice of Ar/A one gets

a different angle a and consequently a different curve }, showing the range of phases

hitting each probe. Such a sequence is shown in Fig. 7, which corresponds to

vr62 = 120°, Each curve encloses the phases striking probe 2 as a function of

(R2 - Rl)/A. These curves are labeled by their values of A/Ao, where A, = Ar/2w

(vP -~ 1), For a low-energy cyclotron v.® 1 and we will introduce little error by

replacing vrﬂz by 02. Then there remains only one characteristic parameter,

A/A0 = 211'(11r - 1)A/8r, for each value of which one gets one of the curves of Fig. 7.
The fraction of particles, f2, striking probe 2 is obtained by taking at each

ordinate (32 - Rl)/A the ratio of the phase width inside the curve to 27 radians.

Finally the ordinates are multiplied by A/A0 to yield the ocurves of Fig. 8, which

shows f2(A/A0) vs (n2 - Rl)/lo. From Fig. 8 one can predict probe shadows for all

combinations of parameters so long as the probes are 120° apart and V. igs not too

different from unity., Another useful representation derived from Fig. 8, and shown

in Fig. 9, gives the total shadow width versus AO for various amplitudes A. The Ao
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Fig. 8 Shadow cast by one probe on another (separated
1 1 1 L L - by 120°) versus radial separation of the probes,
o €0 120 180 240 300 30 for various radial amplitudes A.
Radial oscillation oezimuth (deg) f = fD = fraction of beam on downetream probe,
it v
r
t fract b t b
Fig. 7 Radial oscillation phases striking shadowing = tU :, :“3:‘ of besm upstrean probe,
probes, Each curve enoloses phase striking = radius’ of downstream probe
downstrean
(upctnn ) probe for Vu 2 1. RU = radius of upstream probe
Ordinate ia + (Re - Ry)/A for v 2 1. &R, = Ry =Ry, if v > 1

Anpsku-ﬂn, 1fvr<l

Ao = AR/MVP - 1), &R = turn separation
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Fig, 9 Probe shadow widths AR_ vs 4o = Ar/f2m(v - 1) ° 10 zlo 3'0
for various amplitudes A.
Length unit for AR_, A and Ao arbitrary. Radius  (inches)

Fig. 10 Ao = AB/21r(vr =~ 1) va R in 88-inch cyclotron for
130 MeV a particles, 65 kV dee voltage. Based
on computer predictiona.

may be predicted easily from the dee voltage, rf partiele phase, and V.. Figure 10
shows a prediction based on computer calculations of Ao for 130 MeV a-particles in
the 88~inch eyclotron, The shape of the curves of Fig, 9 is worth noting: for

Ao >A, A® AR./B, but for Ao < A, A is increasingly greater than AR‘/J. In other
words, probe shadows become deceptively sharp when Ao becomes small, which ocours at
large radii.

Probe shadows measured here and interpreted in this way have indicated radial
amplitudes of about 1/4 in. for the 88-ineh eyclotren. This helps to explain our
favorable deflector channel transmission efficiency (about 40%) and good external-
bean quality.

References

1. A.A. Garren et al,, Nuel, Instr. and Meth. 18-19, 525 (1962).

Geneva, April 23-26, 1963 CYC63A03



