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A measurement of the beam phase at the Princeton Uni- 
versity AVF cyclotron was recently carried out, including a 
measurement of the beam phase excursion as well as of the 
beam phase width. Prior to this phase measurement, beam 
turn patterns were obtained in order to achieve a beam with 
well centered and well separated orbits for single-turn extrac- 
tion. The results of the phase measurement were analyzed and 
compared with the calculalion. Hoth the methods and the rc- 
suits of these measurements are described in this paper. 

Introduction 

The beam diagonostic device in the Princeton University 64 
inch AVF Cyclotron (see the Table I for the design parameters) 
includes a radial beam probe located along the gap of the dee 
(i.e. along the zero degree line). Fig. 1 shows the horizontal 
geometry of the rnd of the probe axld its tip. The probe is made 
of roppc=r anti the tip is made of tungsten, with the currents on 
tip A, tip R and A-t H separately measurable. When the probe 
sweeps out along t,he radius on the median plane of the cy- 

clotron. the beam current picked upon probe B can be plotted 
on a chart recorder as a function of the radius from the center 
of the cyclotron. A close look at this plot provides infornlation 

Table I Design Parameters of 
the Princeton cyclotron 

Ion Source Hot cathode internal PIG source 
Magnet 64 in diameter, 3 spiral sectors 

BR(Max.)=390 kG-inches 
RF accelerating system 

Tuneable range : 14 - 23.5 MHz 
acceleration on first, second 
and fourth harmonics 
Dees : two 134 degree dees 
separated by 42 degree pie- 
shaped dummy dee 
Max RF voltage : 140 kV, dee to 
dee 
Energy gain per turn : 250 keV 

Particle energies in MeV 
protons : 19-48 (and 2-16) 
beuterons : 9-28‘ 
3He : 56-85 (and 13-50) 
4He : 17-58 . 
12C4+ : 28-75 
20Ne6+ : 50-92 

External beam properties for 48 MeV proton 
Precessional extraction, 95% 
efficiency, 2% duty cycle, 80 keV 
energy spread. 
Beam emittance ; 

Radial : 40 mm mrad 
Axial : 3’30 TX mrad 

about the turn pattern of a beam, beam orbit centering, radial 
oscillat,ion, effects due to resonance crossing, beam extraction, 
etc.. In addition, gamma rays are generated when an accel- 

erated beam impinges on the probe tip. Measuring the flight 
time of a gamma ray from the probe tip with respect to the 
time of cyclotron RF enables us to obtain information of the 
phase of a beam, the phase width and phase excursion. 

Fig. 1 Horizontal geometry of the probe and the tip (not 
scaled 1 

Though such a scheme has been routinely employed in our 
laboratory in order to achieve successful operation of the cy- 
clotron, a measurement that was carried out in August 1986 
had a particular two-fold objective described below. 

Recently, an interest was arisen at the Princet,on cyclotron 
laboratory to do experiments utilizing polarized ions as well 
as high charge-state light heavy ions. Accelerating such ions 
means that the existing internal ion source has to be modi- 
fied for external injection of ions. This led us to initiate a 
feasibility study for axial injection of ions into the Princeton 

cyclotron [I]. The core of the study was a design of the new 
central region, requiring a knowledge on field distribution inside 
the cyclotron. While the quasi-statically approximated electric 

field distribution can be obtained with the help of a relaxation 
calculation, the magnetic field distribution for the Princeton 
cyclotron had not been available at this laboratory. However, 
the magnet structure of the Princeton cyclotron closely resem- 

bles Michigan State University’s (MSU) old K=50 cyclotron. 
Therefore, during the process of designing a new central region 
for the Princeton cyclotron. we adopted MSU’s measured mag- 
netic field data and then utilized the computer program SE- 
TOP [2] to extract the field distribution for a particular beam. 
One of the motivations of our phase measurement was to verify 
experimentally the validaty of such a field substitution. 
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The other motivation comes from the desire to restore single- 

turn extraction capability for a beam. Single t.urn extraction 
in the Princeton cyclotron can be obtained by placing a set of 

radial slit in the central region, thereby restricting the phase 

width of the beam. This method is based upon the mechanism 
of a phase-dependent orbit centering error. The required radial 
width of the slits and their positions were calculated based on 
beam dynamics studies. Direct verification of the study can be 

obtained by measuring the phase width with and without the 
slits, and comparing the results. 

In the following, we present the experimental set up of the 
phase measurement device and then describe the results of the 
measurements compared with the calculations. 

Apparatus and Results 

A schematic diagram of the phasr measurement electronics 
set up is illustrated in Fig. 2. The scintillator was attached to 
a 8575 phototube on an ORTEC 270 timing base. The pulses 
from the base were used as the start for a Time to Pulse Height 
Converter while the stop pulses were derived from a pick up on 
the cyclotron RF signal. What is not shown in the figure is a 
diode clipper between the RF and the 100 MHz discriminator, 
which is needed in order to avoid overloading the electronics. 

ORTEC 270 
- SCINTILLATOR 
/ 

TIME 
PICKUP OUTEC WA 
CONTROL 

k-+i-j WTEC 475 

DRTEC 473A 

Fig. 2 Electronics set-up of the phase measurement. 

For the measurement, WC chose a 40 MeV proton beam for 
which the RF was 18.520432 MHz (i.e. period=53.99 nsec) and 
the dee voltage was 51.01 kV. After setting the trimming coil 
parameters and the main magnetic field in accordance with the 
computer prediction, we first investigated the turn pattern of 
the beam. 

Fig. 3 depicts a turn pattern of the 40 bleV proton beam 
after optimizing the amplitude and the azimuthal angle of the 
first harmonic field. The activation of the first harmonic field 
is mandatory in the Princeton cyclotron owing to the inher- 
ent asymetrical interaction between the three sector magnetic 
field and the two sector electric field, a phenomenon called the 
electric gap-crossing resonance. 

Fig. 3 shows the turn pattern from the position where the 
first phase selection slit is in place (i.e. 18th turn) all the way 
up to the beam extraction point. The second slit is placed at 
the 2gih turn of orbit. Both slits have a radial width of 0.5 mm. 
The measurement was repeated at 1 inch interval from 7 inches 
to 30 inches radius of the probe tip position. It can be seen 
from the figure that the turns are well separated all along t,he 
radius and also there is no indication of a precessional motion 
of the orbit center. The transmission efficiency through both 
slits was observed to be about 20%. 

Fig. 3 The turn pattern of a 40 MeV proton beam when the cy- 
clotron magnetic fields were exactly the same as the calculated 

fields. This figure shows the turn pattern from the position 
where the first phase selection slit is in place (18th turn) to the 
beam extraction point. It can be seen that the turns are well 
separated all along the radius and there is no indication of the 
precessional motion of the orbit center. 

After obtaining a turn pattern of the beam, we measured 
the phase excursion and phase width of the beam. Fig. 4 shows 
the phase excursion as a function of the distance from the center 
of the cyclotron. In the figure, the solid curve represents the 
calculated phase and the boxes indicate the measured phase. 
With a given magnetic field configuration, the phase of a beam 
with respect to the RF phase can be expressed as 

2rh EJ 
sin Q(E) :: sin 40 + _ 

E J ( U'R/ 
hw( l?) 

1 dE 
,I E, ) 

where $0 and E, are, respectively, the RF phase and the beam 
energy at the center of the first gap wRF is the angular oscilla- 
tion frequency, and w(E) is the particle’s revolution frequency 
at energy E. h is the integral harmonic ratio. The calrulated 
curve in Fig. 4 was obtained by using the above equation. 

Comparing the two curves in Fig. 4, WC see that they are 
in good agreement within the experimental error. Below about 
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Fig. 4 ‘I hr phase excursion of the 40 M?V proton bCiLII1 as 
a function of ttic= radius of the beam. The trim coil setting 
~~arantri~~rs were obtainrd front the program SETUP alld COIL- 
sidered as tlte nlost optimum field setting. The solid curvy 
rrprewrtts the calculated phase excursion arid ttlr l)oxcs irltli- 
cate the ~~~~as~zrd phase excursion. It can bc seen from this 
figure t llat the twu curves agrw quitr well. 

30 cn~, tlrcs Coulomb harrirr of thr tungsten tip prevents us 
front ol)taining a garnn~a flash, therrforc-. to gri around such a 
prot)lprn it woultl 1~ ~l~siral~lr to use an alulnilluln tip which 
has lowc~r %, at ttir cxpcrise of its iower Irldting point. 

I‘he ~~~c~;tsurr~d ganm~a ray tilnr had a FWIM of 3.5 RF 
degree5 whcrt l,oth phase selrrtion slits +vPre in plaw. On tllr. 
OttICY liiFll~1, it Wab itbOUt ‘LO dCgT(‘C’S Wllf?ll Slits M’CrC rCItl<lVed. 

This rcaiult is also in agrwI11~111 with our prdiction. 

LVith l,oth ilit!: in places, we wcrc nblc to rxtract w57c of Ihr 

inkrrliil twiiltl, rcsultirlg in as c~xtcrnal 40 RIeV proton lwar~l 
of al,ollt 2 p:\. 11’~ cor~rludc tliat the 5% loss of twarn during 
rxtrwtiorl ror1kes front 1116, RI*’ ripplr of t hc dw. We pIall to 
rcdurc~ t hix ripple dliring the upgra(I(‘ of tlic cyclotron. 

M:rs have ids0 carricd out a series of phaw nwasurcnlentb for 
other 1)t.a111s at difTrrrnt IrcwIk csnugies. As expected, all results 
wwt’ clwc~ly in ;~grcrrnrtit with the calculations. ‘I’hcwforr: wc 
collcllltir that the ntagrlct.ic~ field of tht- I’rirlretou cyclot 1’011 is 

siniilar criough to 1ISl”s old K- 50 cyclotron to cwiLt)lC us to 
continue our st utiy of thr cent rid rfy$ou of the cyrlot roil bawd 
on hlsr”b Ill~asrlrrYl Illil,glldi(. fidd data. 

Rcfcwr1cc 

11 1 Mocdtyull Yoon. 1’11.1). disscrt;~ticln, 11niv. of M;mitohit 
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