Lawrence Berkeley National Laboratory
Recent Work

Title
THE EFFECT OF RATE OF RISE OF MAGNETIC FIELD ON THE ACCEPTANCE TIME OF THE
BEVATRON

Permalink

https://escholarship.org/uc/item/9s67v8vw

Author
Heard, Harry G.

Publication Date
1957-02-12

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9s67v8vw
https://escholarship.org
http://www.cdlib.org/

b
e« iRl
—— g

UCRL_3682

UNIVERSITY OF
CALIFORNIA

Radiation
F al_mrai'aﬂL ‘

TWO-WEEK LOAN COPY

 This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

'}FII: EFFECT —OF RATE OF RISE
OF MAGNETIC FIELD ON THE ACCEPTANCE

TIME OF THE BEVATRON

BERKELEY, &ALIFORNIA



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



| UCRL-3682
UNIVERSITY OF CALIFORNIA

Radiation Laboratory
Berkeley, California

Contract No. W-7>405 ;eng,48

THE EFFECT.OF RATE OF RISE OF MAGNETIC FIELD
ON THE ACCEPTANCE TIME OF THE BEVATRON

Harry G. Heaad

February 12, 1957

o

Printed for the U.S. Atomic Energy Commission



2 UCRL 3682

THE EFFECT OF RATE OF RISE OF MAGNETIC FIELD
ON THE ACCEPTANCE TIME OF THE BEVATRON |

Harry G. Heard

Radiation Laboratory
University of California
Berkeley, California

February 12, 1957

ABSTRACT

The acceptance time of the Bevatron has been measured for three
different rates of rise of magnetic field. These data indicate that the
acceptance time varies inversely with rate of change of magnetic field.

An analysis is given of the variation of the probability of an injected
-proton's striking the inflector on successive turns. This analysis, which is
idealized to a circular machine and assumes linear betatron oscillations,
shows that the probability of missing the inflector varies slowly with the rate
- of change of magnetic field.
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. THE EFFECT OF RATE OF RISE OF MAGNETIC FIELD
'ON THE ACCEPTANCE TIME OF THE BEVA’T'R'QN

Harry G. Heard.

Radiation Laboratory
University of California
Berkeley, California

February 12, 1957

I. INTRODUCTION‘

Protons are 1n_]ected into the aperture of the Bevatron magnet from a
35° electrostatic analyzer or inflector located at a radius of 620 inches. The
1nJect10n cycle is initiated by a peaking strip located in the fringing field of the
northeast quadrant.of the magnet. When the magnetic field reaches 297 gauss,
a 200- to 350-microampere pulse of 9.8 -Mev protons begins to spiral into the
aperture. The 1nJect10n interval, for an 8000-gauss/second rate of rise of
rnagnetic field, is on the order of 250 microseconds. When the first turn of
‘the spiral reaches the.center of the aperture, the accelerating voltage is turned
- oh and some of the protons are captured in phase -stable orbits and hence are
“accelerated. The number of protons accelerated to full energy depends
upon (a) the quantlty of charge injected into the :3pé Fture; (b)the fractidm ofithe in-
jected charge that is accepted in phase - stable orbits that does not strike the
sides of the aperture, and (c) the fraction of the particles that is lost due to
gas scattenng, various resonances, errors in frequency tracking, and random
phase errors in the radlo frequency accelerat1ng system

‘~Considerable effort has been expended on item (c) in the development of
the Bevatron, resultlng in a total gain in beam intensity of the order of 106 or
more. While a small increase in beam 1nten31ty may be obtained by further
reduction of phase and frequéncy errors in the trackmg system, it is clear that
the greatest net galn in beam intensity over the past several months has been
obta1ned by 1ncreas1ng the reliability of the presert system components,

-

The injected charge was increased, shortly after the Bevatron start- up,
by a factor of approximately three. This increase was malnly due to the installation
‘of a drift-type buncher at the entrance to the linear accelerator. A contmued
‘ion-source development program is in progress which has an ultlmate ob -
Ject1ve of mcreasmg the injected charge by a factor of two.

There is another approach to increasing the’ injected charge with Wthh '
this report is-concerned. It consists of increasing the total acceptance time
of the Bevatron. Since protons are injected into the aperture from a constant
¢current source, it is desirable to make the injection time as long as possible.’
This can be effected by two means: (a) energy-modulating the injected beam, "
and (b) reducing the rate of rise of the magnetic field.
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Energy modulation of the injected beam will increase the:injected. charge

by a factor of approximately two. = This increase is obtained by causing the
energy of the injected protons to increase in synchronism with the magnetic field.
Thus protons injected late in the acceleration cycle do not have the 20- to 25-inch
radial betatron oscillation amplitudes that result from constant-energy injection
into a time -varying magnetic field. The actual increase in accepted charge may
be greater than a factor of two, as gas scattering and phase losses are the only-
main factors contributing to beam loss. There is an additional factor éb importance
-associated with this mode of operation which affects the utilization of the beam.
For constant-energy injection the large radial amplitudes of the betatron os -
cillations, which damp as the inverse square root of the magnetic field, define
the final size of the circulating beam at full energy at approximately 5 inches.
 If the energy of the injected beam is increased in synchronism with the pulsed
magnetic field of the Bevatron, the radial width of the beam will be much
narrower at full energy. Also, since the radial component of phase oscillation
decays to a neghglble amplitude by the time the: magnetlc field reaches 1000 gauss,
the available radial width of magnetic field for errors in frequency track1ng w111
be greater

.~ If the injected beam of the Bevatron were derived from a Van de Graaff
accelerator, energy modulation could easily be effected by modulating the outer-
"shell electrode. As a linear accelerator is used in the Bevatron, the problem is
somewhat complicated. Increasing the excitation voltage on the linear accelerator
is not a practical method of modulating the energy, as this simply changes the
phases<stable angle of the accelerated particles. In addition, any changes in the
energy of the linear accelerator would require very precise tracking of the volt-
age of the buncher and the Cockcroft-Walton accelerator. A method has been ‘
outlined by Heard which circumvents these difficulties.“ It consists, of in- ‘
creasing energy of the 9.8 -Mev protons after they leave the linear accelerator
by adding a small postacceleration cavity. The inflector voltage must also be
increased in synchronism with the energy gain of the protons from the post-
accelerat1on cavity, but this'is easily accomphshed

Cos

‘The second method of increasing the acceptance time of the Bevatron is: to
reduce the rate of rise of magnetic field during the injected pulse. The amount
by which the accepted charge will increase with the mode of operatlon is less
simple in that somewhat more subtle factors must be considered. Clearly no
net charge would be injected into the aperture if the magnetic field were constant
during injection. All the particles would strike the inflector after one revolution
in the aperture. . As the rate of rise of the magnetic field increases, the probability
of missing the 1nf1ector also increases, but the relation cannot be linear.. The
‘question naturally arises: How does the probability of missing the inflector vary
with the rate of rise of magnetic field? This report treats the first-order theory -
in an attempt to answer this question. Measurements of the acceptance time of the
Bevatron for different rates of rise of magnetic field, which are included in this
report, show that the acceptance time increases by slightly rhox_‘e than a factor of

1 Coe, Ramm, and Vaughan, J. Sci. Instr. 33, 102 (1956).

2 H.G. Heard, Energy Spread of the Injected Proton Beam of the Bevatron,
Bev-171, University of California Radiation Laboratory, October 3, 1956.
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of two if the rate of rise of field is halved. Prehmlnary measurements at
approximately 1/10 the rate of rise of magnetic field have shown that circulating
beam may be kept within the aperture for the extended injection time. 3 The
practical problem of reducing the ripple amplitude associated with ignitron phase
control of the magnet voltage may be solved by the ripple -feedback techmque ‘
recently dlsclosed

II. VARIATION OF THE PROBABILITY OF MISSING THE INFLECTOR
WITH RATE OF RISE OF MAGNETIC FIELD

It will be useful to have an analytical expression to indicate the effect of
the rate of rise of the magnetic field on the probability of missing the inflector.
In order to arrive at a solution capable of yielding a directly interpretable
result, we can make several simplifying assumptions. Consider a circular
magnet into which ions are injected while the magnetic field increases slowly
"with time. Assume that the injected ions oscillate about anin‘'stantaneous circle .
and experience a restoring force proportional to their displacement from the
equilibrium position. Under these ideal conditions the ions execute linear
betatron. o%cﬂlatlons and their motion is describable by the system of differential
equations, :

dzx _ wzx— (1 )wz
E:Z__- r o -0 Ox’
dz'z =i sz? nmzz

Frr 2R

where x = r - r, the radial displacement of the ion from the instantaneous orbit;
= the vertical glsplacement of the ion from the median plane; w_, w_ =

angular frequencies of the radial and vertical betatron oscillations; wz(;) =

angular frequency of revolution of the ions within the magnet; and

fractional change in the magnetic induction
~ fractional change in radius .

3H G. Heard, Bevatron Operat1on and. Developrnent VI, UCRL-I3212,
Nov. 1955. .

4H G. Heard A New Method for Controlhng the Magnetic Field in the
Aperture of Synchrotrons, UCRL- 3427, May 1956.

Garren Gluckstern, Henrich, and Smith, Theoretical Considerations in the
Design of a Proton-Synchrotron, UCRL-547, Dec. 1949.
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'Harmonic solutions of these equations at ih"jeet‘ior}n will be of the form

X = e—— COS wot J1 -n= A_(n,f) cos wot 1 -n,
' @y -n- ’ ’ x '

. . | _ | :
o z= —Z _  __ sin u_)ot \7n = Az (e, t) sin QO.tfrT,- .

where P, P, are the associated mqmenta ‘of the par"ticle_s_, and wot =0
corresponds to the injection time. After the kth turn (w,t = 2nk, k =1,2,3.
the radial displacement of the ion from the point of injection will be just

P, —
(1 -cos2myfl -n),

l-n

and the vertical displacement from the median plane will be

P | -
- I (sin an\/‘n—),
w9 Vv , |
Let the radial distance from the point of injection--i.e., the center of the
inflector gap--to the inner edge of the inflector be L_, ‘the vertical: height

" of the 1nﬂe¢ tor be Lz, and Ar be the radial motxonxof the mstantaneous
circle due to the rising magnetic field. Than a collision'with the inflector on
the kth turn is defined by the relations

L -kar=—2__ (1-cos 2nkVI-n), -
w 1 -n- C ’ : :
0 /
L P R
Tz = z (sin 21rk~"/n5*-.
2 wo n

To estimate the probability of missing the inflector on all turns it wiil be
necessary to express the probability that an ion will be found in the radial
amplitude range between p and p + dp on the kth turn For the linear

harmonic motion of interest, thlS is just

Q = T ..z. 2 ,x .
Z» ’ X

If Po=1-Q represents the probab1hty of mlssmg the 1nf1ector on the kth
turn,Lthen the product of all the probabilities on all the k turns up to

Kk = .A__;‘_ will represent the total probability of missing the inflector, that is,

),
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L
. k ==X '
—"— AT : L, . (L, -kAT)
P(A_) = P dA = 1 - >— 2 ———— 1} dA
k x : m A A x
k=1 z L X
. L L L
= exp |- 222 z x X faa_ .
3w AZAX Ar
so that
. o C
P(AYdA =exp |- —— |dA
X xX X
AX AT

Now the equilibrium orbit contracts as

Ar = - 2Tr ‘ E_Bf_
@y (1-n)B \at

so that we have

Arm i@. =
dt

" Therefore one may express the probability ofvvthe ion's missing the inflector as

C "
.‘ . X
making the change of variable, we get
. v c

Ax\max V B

A =x A_max and 1=

‘and on integrati?n ong has

P(m= [e * dx .

Reference to P (7m), which is shown.in Fig. 1, reveals the following
significant features concerning the effect of B on the probability of missing the
“inflector. First, it is significant that m is a slowly varying function of B.
Therefore one should be able to maké signiﬁcant reductions in. B without
appreciably altering the probability of missing the inflector. Second, significant
departures from a linear decrease in P(n) begin to occur for - m > 0.05. :
Finally, n varies inversely with the aniplitude of betatron oscillations: There-
fore; one:should.not vary the energy in the injected. beam exactly'in synchromsm
W1th the 1ncrea51ng field.if optimum beam. sursival 1s ‘expected. R

4
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_ r I 7 B
10 . . o _
|
P(n) = e~ /x dx
"4
n ~ S N
(dBsdt)/2
Pin) )
a5t -
0 | | | ]
7) 05 L0 L5 20

Fig. 1, Probability of an ion's missing the inflector as a function of the rate
- of rise of magnetic field.

MU-12930
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The value of P(n) may be calculated for- the Bevatron for 16 -kv magnet
excitation if the followmg constants are assurned to be typ1ca1 of Bevatron :

operat1on
= 297 gauss,

B = 8000 gauss/sec,

‘:wo = 2mfy = 2™ x 3.58 x 10° = 2.25 x 10° rad/sec,
r = 600 inches, .
Lz..‘ = 4 in-ches, ‘
_ Lp‘ = 0.38 inches, 5 |
A =3, 5 inches (assumes an average pressure of 6 x 10 " mm Hg),'
A= 9 5 inches _(assumes uniform distribution of betatron osc111at10n
T _ amplitudes over 38 -inch aperture),
‘n =.0.6; ‘ ' '

then mn becomes

n ( nE LZLX)(LX s (1= B) Ve
37 Aa.a N 2nrB |
Z X
(4) (0.38) (6.38') (2.25 x 10°%) (0.4) (297)
(3.5) (9.5) (6.28)(600_) (8000) '

/2

= (0.096

= (0.096) (0.046) (1.82) 8 x 107> . |

. ) }
Referfmg to Fig. 1, we see that the yields P(n) = 0. 975 ‘and very few partlcles
are lost by collision with the inflector. Now if the rate of rise of field is reduced
by an order of magnitude, and if (as assumed) the radial and vertical betatron
amplitudes remain unchanged, then mn may be obtained from the previous -

calculation and the relation
N ST
L 8 x 1072 V.
then m= ————__ x 8000 =2.5% 10"
‘ 800

so that §m) = 0.92.

y 6E J. Lofgren and H. G. Heard Bevatron Operatlon and Development III
" UCRL-2822, Feb. 1955. . :
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Now the actual value of P(n) will be somewhat larger as. n .varies inversély
with A and A, These latter variables will. increase in amplitude, as the. -
gas -scattering period'is now ten times as long. To first order, then, the. .
probability of missing the inflector is unchanged by the reduction in the rate

of rise of magnetic field. In the Bevatron, the presence of straight sections,
the spatial and temporal variations of n, the finite size of the inflector, ‘the
fundamentally nonlinear character of betatron oscillations, the angular di-
vergence of the injected beam, and gas scattering all perturb the absolute
phase of the betatron oscillations of each ion on successive turns. A :
numerical integration including all of these effects would be unnecessarily
complicated; especially as these effects are already included in direct
measurement on the Bevatron. Not all of the charge that misses the inflector
may be available for acceleration. In addition to injection losses, one must
account for the losses due to limited phase acceptance, errors in timing of the
turn-on-of accelerating voltage, and errors in the match of the frequency versus
magnetic field relation for the central orbit, as well as coherent and incoherent
phase errors in the frequency-tracking equipment. By varying the time of in-
jection of a short pulse of charge of constant amplitude and energy, and de-
termining the quantity of charge that remains after acceleration to more than
ten times injection energy, one can determine the net effect of all the injection
losses and thereby obtain a measure of the acceptance time .of the accelerator.
Acceleration to more than ten times injection energy assures that gas -

scattering effects are included.
A

Acceptance -Time Measurements

The acceptance time of the Bevatron was measured by varying the time
of injection of a 10-microsecond constant-current pulse of protons and observ-
ing the amount of charge remaining in the accelerator above 100 Mev. To
prevent fluctuations in injection parameters from affecting the measurements,
the t1m1ng of the ion pulse from the Cockcroft-Walton accelerator was adjusted
for maximum transmission through the linear accelerator and inflector. Then :
the timing of all the injection equipment was controlled by a precision time -
delay’ cha551s which fixed the injection interval with respect to the peaking-
strip-signal. - In effect, then, the injector consisted of a completely 1ndependent
source of monoenergetic protons which produced a 10-microsecond pulse of
9.8-Mev protons at any desired value of magnetic field. The timing of the
turn-on of accelerating voltage and the frequency of the accelerating voltage
were optimized for a 500-microsecond beam pulse and maximum accelerated
beam. These conditions correspond to turning on the accelerating voltage when
the normal beam spiral reaches the 600-inch radius. The corresponding start
frequency is 358 kc/s. ' '

Measurements under the above conditions have been made on the Bevatron
for rates of rise of magnetic field corresponding to 16.05 kv (normal), 14.20 kv,
and 8.03 kv magnet excitation (see Figs. 2 and 3). The magnetic-field gradient
was adjusted for the correct n-value by exciting the pole -face windings with
appropriate currents. If one denotes the width of the curve at half value as
the acceptance time of the Bevatron, the acceptance time for normal excitation
is 222 microseconds, whereas at half magnet voltage the acceptance time in-
creased to 450 microseconds. '
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100} 14.2 kv T

16.05 kv

A 1)
S 8 3
- L 1

N .
Q
|

Q
®

200 400 ' - 600 800

TIME OF INJECTION OF A IO—/LSec PULSE OF 9.8-Mev
PROTONS-(wsec)

REFERENCE TIME CORRESPONDS TO ZERO ACCEPTANCE

RELATIVE AMPLITUDE OF ACCELERATED BEAM
| QS

Fig. 2. Bevatron acceptance time: for 16.05- kv and 14.2- kv magnet voltage.
Cond1t1ons ‘
1. Inﬂector at 621 inches. Normal high current in PFW 17-19,
Pole-face windings excited for n ~0. 65 field gradient for
16 05-kv operation.
3. Two-turn loop connected for normal ripple cancellation.
PFW 1-20 connected w1th 1024 pfd.

MU-12931
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Fig. 3. Bevatron acceptance time for 8.03-kv magnet voltage. COnditions:
' - 1. East motor generator excited. o
2. Pole-face windings excited for one machme operatmn
3. Seéries 10-microhenry choke installed.
4. Inflector radial position 619 inches.
5. Ripple cancellation filter with 2-turn loop and 512 pfd con-
nected between PFW 1-19 and 2-20. .. :

1

MU-12932
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If the acceptance-time curves are normalized at their peak values and
compared on the basis of integrated areas, their areas are in the ratios of
1:1 4: 2.1. Although these results indicate a net gain in acceptance time for
lower rates of rise of magnetic field, they do not represent an increase in the
net charge. Whether or not the increased acceptance time will increase the
total beam has not been demonstrated. Preliminary experimental results show
that the total beam is in fact decreased for lower rates of rise of magnetic field.
This observed reduction in beam may be explained by uncompensated errors
in the frequency-tracking system at the lower magnet excitation voltage. More
definitive measurements are in progress.

III. CONCLUSIONS

1. An experimental verification of the indicated increase of acceptance of

beam charge is needed.
2. The present results tend to indicate that one may expect to increase the

injected charge by factors of 3 to 5 before 1nf1ector losses and gas scattering

become 11rn1tat10ns ’ ;
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