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RAPID PLACEMENT QF A SYNCHEOTRCON BEAM
ON AN INTERNAL TARGET

Warren Fenton Stubbins

Radiation Laboratory, Department of Physics : u
University of Califoruia, Berkeley, Caiifornia

Getober 1, 1954

ABSTRACT
.

Two methods of placing high-energy electrons in a synchrotron on an
internal target within one microsecond are proposed. Une method uses the
forded radial oecillations that cccur atn = 5. 75 in the prosence of a first har-
monic azirmuthal variation in the magnetic field which gives rige to a Mathieu
Equation, The effect of the first harmonic in general and at v = 0. 7% is examined,
The reguiremeonts for changing the radial field gradient to n = 0,75 are deter-
mined. An operating cycle is suggested. The second method proposss the ap-

plication of a radiofreguency electric field rescnant with the radial oscillation

thus producing blovwup in an unmodified magnetic field. The axial and radial
oscillation frequencies are not commensurable, thus resonance blowup is aveided
in the axial direction. The coaditions to accomplish these are determined in

general and apecifically for the Bcrkeley synchrvotron.
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RAPID PLACEMENT OF A SYNCHROTRON BEAM
ON AN INTERNAL TARGETY

! Warren Fenton Stubbinsg

Radiation Laboratory, Department of Paysics
University of California, Berkeley, Caliioraia

Cetobezr 1, 1954
INTRODUCTION

Two methods of placing the circulating electren beam in a aync.hrotfcm
on an internal target in one microsecond are proposed. The first method re-
guires the modification of the magnetic field of the synchrotron at the eand of the
accaieration cycle tc permit the use of a resonance betwaen the electron oscil-

iations and an asirmuthal fisld variation. The sucond method uses the rescnant

fi
blow-~up caused by an rf slectric field perturbing the clectrone at the freguency

of their oscillations at the end of the acceleration cycle. The conditions to ac-

~complish this are dsterniined in general and specifically for the Berkeley synchro-

trom. These methods may be applieu to betatrons as weil,
At the end of the acceleration cycle in synchrotrons, the radiofrequency
voltage is removed and the magnetic fleid is static or changing very alowly. '

Under these conditicns, the electrons spiral slowly inward because of their

]
Ay b

iesz of energy by radiation. A target placed at an inner radiue intercepts
the bearo as it moves inward. Io the Berkeley synchrotron the beam conswnes
about 15-25 microseconds in being decelerated by the target. The bremssirahl-
ung spectrum is present throughout. '

In some experiments, an example of which i the measurement of the
decay of 5 meson in flight, it is necessary tc obtain a very short burst of radiation
from the machine with no subsegquent radiation. The first part of this paper
telie how one-microsecond duration inay be achieved by making vse of 2 forced
ogcillation occurring at an n value of O, 75 with a first harmonic variation in the
magnetic field asymmetry. In the Berkeley synchrotron the variation of the
field with radius must be modified to change the n value from 0.67 to 0.75 at
the time the beam pulse is desired. The requirements for doing this are de-

termined below.

L. L. I. 8chiff, Rev. Sci. Instr. 17, 8 (1546},
2. J. Schwinger, Phys. Rev. 75,1912 (1949).
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‘The second part of this paper considers the application of a radio-

~

frequency voltage resonant with the radial osciliation frequency will indurce
a rapid increase of oscillaticn amplitude and the precession will carry the
particie ontc the target. The reqdirements {0 accomplish this are also determined
below. »

A pulsed electroetatic deflection system has been tricd and is unsuccessiul
for the following reasons: YFirst, the voltage gradient requirsd could not be main-

tained in the accelorating chamber, and second, the strong focuging action of
L= L=

- the field reduces the initial deflection inte an oscillatory path and further incraases

the voltage reguiremenis.

Atternpts to suddenly pulse the magnetic field to & higher value and step-

-

wise reduce the radivg of the orbit of the particles all inveolve a longer time in
‘ _ B

- making the reguired change of field than is used by the bears in spiraling inward

because nf radiation loss,
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PART I

£1‘

1SY GF MODIFIED MAGNETIC FIZLD

PARTICLE MOTION IN THE PRESENCE OF A FIRST HARMONIC
OF AZIMUTHAL FIELD VARIATION

The derivation for the particle motion is ynade to show the effect of
the first harmonic in general, and at the conditien n = €, 75 in particular.

For & circular path in a magnetic field the eqguilibrinm orhit is cbtained

when the cemv'iﬁ.g orces egual the magnetic forces.
. eB_ v
'*w?“ Yo ’
i = - i
- P (1}
o
L

where £, is the radius of the equilibrium orbit and B is the magnatic field

‘ o
at the radius. ¥For a particle not on the eguilibrium orbit a force arises given
by

, =2V 82y “ {2y

8B

Letting r = vt and B = B, + ~5r P and letting the azimuthal variation

be such that B"o = Bw {1+ h cos ), we have a force

[ eB, 1
- _ DV ev |, |
% e - (B (L + h cos )+-----p(i+hc:osf?);,

LR I 8r ;
t

L J

noting that - Sl SRR )
‘ (I o T, z'a

Since g <<z, this series may be cut off after the second term. Then the force

may be written

r 8 2 8B,
H E - &
© . TV ev o [omy s - BY Y
- 1 avmnn pomay A% - 3 - «w—&*‘ - eamre—w -—-;nm- -
T c T r = c 5t F
o e o
r am, 1
o R e o 0



but--from fg. k--the first two tarms on the right-hand side are equal, and thus
the bracket is zerc. The force may be replaced by the product of the mass of

the pavticle and its acceleration {since the particle energy.is assumed constant):

, &n '
Py &L X
I = m  _ WV p.,ﬁ",r . )
’ - 7 cr o 8r
dat r 1)
&
r 5K
eh v % s ‘ '
——— 1 B R '3
¢ r e My ar (3)
o o

Letiing == = w and —= », and defining n = - 4 , we may write the
? e ¥
4 N BA E

. o
aguition
. . -
a° 2 z, ) 3l ! ,
\ . mi&(l«n)wpzwhfcas 6.inp -1 1. (4)
& Lo Qo
at L J
Since n <1l and p <<r0, this equation may be written as
5 . :
4 2 :
«m-§+(l~n}mpx—03hrc’aosﬁ.. {5)
4t :
>
L at 2af o -
Letting = =w -y, one obtains o : : ¢
gt“ aa” . ’
2 ,
d . : .
«-»g- "{} - n)p=~hr cos a. - (H)
aa” )
The solution of eguation {6} is of the form
. A3
N PR hr
g=AsinYl-n 8+ Beos¥l -0 91 - cos J. (7}

Since for the synchrotron Y1 -~ n is not close to uuity and since h is small, the

third term is a forcing term fax from resonance and it doep not contribute a



¥

.
"y

“ -

unidirectional increase in p. Thus, except whenn = 0,7%, the presence of a
first barmonic of asimuthal field variation hag ne serious effect on the particie
rpotion, as revealed by this Unearized sguation.

If the terw np i not dropped, the equation becomes

-

-
Ty

0= - hro cas 8, {8}

b,

{1 - n) - nh cog @
Jd

>
Lo
te

ae

We may consider the auxiliary equation for Eg. 8 and substitute for the inde-

.

pendent variable 0 = 24 to obiain

2 ( : ‘
d \ ;
- “ 4 }(l - n) - nh cos Zr;’sg £ = 0. (9)
dé L ,

Eq. 9 is 2 Mathieu type eguation whose canonical form” is

Eﬁ‘
SLZ “{a - Zg cop Lz} y = O, > (10)
Gz ;

in which 4 (1 - n) = a and € nh = 2q. Fov small values of b, f.e., 5% — 10%,

and values of n # 0.75, this equatiun iz stable and it solution is oscillatory.

However, atn = 0.73, Eg. 8 becomes

&
.2 :
z;-f; + 4l - 3hcos 2 d)p= - hro cos 24, {1Y)
.@"‘

whnge solution is

_ .
P | !b,‘{b [ g ™ .,-p"(h o
p = Ae P} b BTV 4 () - I - R cos o4)

con 2, (12;

4, . <o g . . . : . .
where & {4) 12 2 periodic {function of peried 4 and p i an exponent whick is

3. H. Mcl.achlan, Theory and Applications of Mathiew Functions, Oxford,
1947,



real, The first term of the selution represents an exponential growth ¢f the
osciliatory motion,
1

For the conditiong 2 = 1, 24 = 3h, the solution may be obtained from
: Y

w3 . , 3 . . oo
"MceLachlan™ {(Section 4, 20) ag = = T b, Thke amplitude of vscillation is increased
. i .
by a factor ¢f ¢ each time & becomas " Thug the number of turnsg required
to give the growth of e is
4 1
N g 13
r T h (13)

Thus as an examnple, 2 l-percent first harmonic will reguire 43 turns to grow
& factor of e. A S-percent {irst harmonic will give an increase of e in about

¢ turns. Inl reicrosecond the electrons make 50 turns, sc the increase in the

Pas
a

. latter case will be given by 65\:/9 ~260. Ii is eapected this increase will dastroy

the beam by bringing all particles onto the target.
MODIFICATION OF THE BYNC HROTR N FIEL

The modification of the field pattern of the synchrotron may be made
by adding current leops in the region of interest. The intention is not to change
the mean field value, but merely tc change the distribution within the gap.

_ Figure 1 shows {ield distribution under normal operating conditions.
Figure 2 shows the phyaical arrangement of the gap, including compensating
coils. The compensating coils are closed through resistors whose value for
each set was arrived at experimentally. Figure 3 shows the magnetic cycle
and the cutoff for the radiofrequency signal.

From the definition of n = - %— %g— at the peak field B = 1, 400 gauss

atr = 32 in., one may obtain the change in radial gradient reguired,

, Table I |
8H/8x aH/er LOH 34
x at n=0.67 at n=Q. 7% ? Py EXY
356 -1.96% finch -2, 19" finch -0, 23% /inch 26,2 gauss/fin
y £
394 -1.%2 LG3 CL0.21 253.5
YAl ~1.52 -1.70 ’ -0, 16 20.5



The change in the gradiant due to one pair of colils is estimated as follows,
L 0.21 . -
—— where B s

The field frorn a current-carrying conductor is given by B =

in gauss, I in ampares, and r in cn.  The presexe of nonsaturated iron increases

this by a factor of tvo, and the presence of the other membar of the pair gives

an additional factor of twe., The vertical component at the median plane rnay
J 3 Ix

 be computed then from B_ = ~ . Figure 4 shows the field from ihe No. 1

-y

pair,. The additional x.amrﬁrauimn froru the first set of images is given for the
Tirat pair of colls. The gsum of the ficld from the coil and its urst'rﬁﬂectimi ig

shown. Tinally, an spproxdmation shown wA.8 mkﬂn ag the contribution of the

ceil and all its refleciions.
From the apnroximation, curreats in the eight sets of colls were as-

sumed to have various values to give the distribution degived. The best fit is

gbhtained when coils 4 and 5 have aboyt 192 amperes in each conductor and all

the other coila have no current. The spacing between coilsg ¢ and 3 is8 the oplinum
for this gap. Figure 5 shows the fisld from these Lwe pairs, '
' The effect of changing gap width has not been considered in this approxi-
mation. The effect is to increase the gradient in the smaller gap vegion and

decreage it in the lavrger gap region., This is just the nroper compensation to

‘give the form implied in Table I. Adjustments in the currects in the pairs of

cotle nermit additional trirmming.
The force on the conductors is radial and is about one and ene-quarter
pounds per inch, o
o A sizable first harmonic in t;he full field of the synchrotron is believed
to exiat. A more pronocunced harmeonic may be induced by adjusting the guadrant-

coil currents during the final portion of the cycle.
CPERATION EEQUENCE

The change of the radial fieid'graéient may take ialacez sicwly, with
the rapid increase in radial oscillation amplitude occurring n-iy when the n=
0.75 condition is reached. Thus the beam may b destroyed in & vary short
time without the pulse difficulties of the other methods.

The rate of rise of current in the pairs of coiia muust neet two raquﬁm.»
ments. I“is‘st, the rate ust he small enough to avaid substantial cancell aticm
of the ficld Ly the induced currents. Second, the duty cycle of the current must

be short endugh to avoid overheating the conductars,



o

A suitable cycling opovation may be a3 follows. Neor the end of the
gcoeleration cvele current may be supplisd to the paire of ccile, perhaps each
turn being in series with the others. The rate of rise of this current may be not
more thanr perhavs five tiznes the maximum rate of rise of the main field. . The
celeulated condition for radial blovwup mey be achieved after a suffictent pericd
of inward spiraling to carry the beain near the targef. The current may be .
stopped in any mannsr.

The slow rate at which the beam lcses energy and decraanges radius

-3
appeary te preclude any extrame exactuness in the vycling operation,
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PART 11 U'w OF BRADICY REGUENTY ELEZITRIC PERTURDATICY
'y

Pl ye) {“5 k)

PARTICLE MCTION IN THE ERESENCE
A PORICDIC DISTURBANCE

The cquations of moiion of the particles undergeoing {rec oscillations

i

2 2 2 ’ .

AT S S § ST T n, {14}

-Z g &5 2, o

d7z/dt" tnw T oz =G, : o {15)
o

.

o
{0 - s T

whare p and z are the dsplacements from the equilibrinrs orbit, o i 5
and defines the radial fieid gradiest, “ is the anguiar freqovney of the particle

in the gynchrotron, and t is thme,
The relation between the radisl and amial escillation angular fr uiSnCion

and w_ arve; ’
A 0 N

&
i
-l
o]
<
R,
-

¢ o
PA

In the Berkeley synchrotron the value of o is 0,67 end remaing unchanged.

P

Likewise Dy rermaing nractically unchanged. As the particles travel at almaost

the velocity of light, @y is*ngen by

The equilibrium orbit is very clese o ane meter, giving w & 300 mozaradians

per gecond, Thue £ = 47.8 megacycles per second.
“The change in “y cccusring as the particles spival inward is very small
is about

)
Py

b% eune of thy small change in the radiug, The maxtmum change in Wy

8.5 percent.
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The radial and awdal {reguencies are related by

S ' . ,
g T e T f e (16)
i %, ¥y m :

& z

Forn=2/% ¢ /i = 1/2 = 0,707, which is not commensurable,

M o

The radisl oscitlation {reguency is

A

y"i-nf
¥ &

oy
i1

t
LY

o 5 "
= 27.5 muegacycles per second.

Now we shall consider the differential equations when there-is a forc-

ing termn present.

do/a* 5 (1~ vy w® o= KosinTT T 0) wt, (17)
| |

Fa/it’ tnw e KeinYI T n ot (18)

5 S ¥ ‘0 Z = % S i o~ i & . Loe)

The soluitions of these couations are:

. . Kt ;
= A sinw *+ B cos wt - 5= cos ot ‘ 1
LA T r v Jw ¥ (19)
= A, einwtr b COE Gt e gin Wt (26}
. ] “ £ iy - b o, . X . X
z  r _ .

In the = sclution, the third term on the right has a constant arﬁplitudé
but a different {requency than the {ree osciilatione., This may be considered
as a modulation of the free-cscillation amplitude. -
i In the p solution, the linear increase of the amplitude of the coefiicient
of the third term oun the right in time is observed. This amplitude increase
will predominate the situation and large osgcillations will cause the particles

» to strike the target.
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*. . [N w g - [ meded e - A S ey B 3 - B2 - -5 . H e
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from the d-flector,

o~ 2,

Frerm the gsolutlom of the radial cousation, setting A = &, we sbtain

Attt = 0, let o = Bm’ while at ¢ = ¢, let Bc - »»—»w?-—.—»-:;»:“-: B
- . . . 2a L - nm
Clet B o= xB, thus considering the magnitudes o ¥’

N

where B 5 }5,), and
o !

il

thus

1,
i ZK"‘}}BDIY‘L‘E
X = b -
L
€e _ € rz ee c?“
. 2 v C > .
Since K & me = o = pr—, we oblain
: e
2w Yi-n{x -8B E
X 0 .
& T e —— {21

This i the total force normal to the synchronous orbit reguired to give an in-
crease in amplitude of {x - 1} in time ¢,

Since the length of the deflector ig ¢, and the electrons are perturbed
only in this region, the field gradient must be increased to make the net force

equal the value compuied above. This ratio is given by



whera R iz the 5ynchrmmug

radius ¢f the electrong.

tric field gradient in the deflector is

2w Vvien{x-1}BE , o ' :
“%a Y { ’ Br} ~ 2eR -
ee = £ * . (:,d)
& f "
c ot ’

, g K ” 1 . o 3 ; 5
Ag an exaranle, for 350.Mev electrons, B = 3.5 x 107 ev, x = 500, @, =
3 g . ' - L.
3% 107 rad/sec, R = 1 wmaeter, € 5 25 cmn, 1077 sec, n= 2/3 '

) MG ! '
e = 1,7 w1 E«o ev/em '

ui & et the {ime a perturbasion would be applied

In e vynciarotron the vaius &
is smell, about d.i ¢, owinyg to the damping observed. The amplification factor

% must be

certainly higher than vequired.

Below iua

B [ T sopte wunld
secoad in the Berkeley

tude; thus the

This work

smailer for larger

e of the cnergy suppiied to the elactrons in the ra

a8 el

wm

B thus the value computed in the example is

The product of grudient and deflector length

believed to ve gufficlent to cause tha oc s destruction in one micro-

synchrotrun,

electron volts cm/om

nd x required to produce a given ampli-
2l zmplitude and is &

:"l’:i

iz independent of the initi
direction,

sreroed under the avapices of the U, 5. Atomic Eunergy
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