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ABSTRACT

Ifl 'experirrie.ntvs relé.ted .t_o fh‘e dévelopn{ent of the electron-r.ing
acc’élér‘ator, electrons :we‘1.'e injécted into~a'pulsedv ‘magnefic field to forrn
rings fhat were then éompréssed iédially to a small size, The injected
beam had a current of about 150 A at an eher.gy of 3.3 MeV with an
energy‘s;‘)read'of'd: 0.1% and a pulse lengfh duration of 20 né'éc. At low
V intensity;' a.h increase in the nlinbr radius of the ring é.nd a large loss of
electrons was observed to occur during the c‘ompression cycle. At high
intensity, covoperative: pheﬁémena that bc’aused a l'arge increase in thé
. energy spread acv:.cvompanied by particle loss were observed. Theoretic.al
:interpr_etatio.n of these observations suggests. that the prima;ryvr«:;ﬁrce
of electron, loss and ehlar'gémeht of the axial dirhensio'n was the crossing
va single-particle resonances during compression in the preseﬁce of
large mag.netic field nonli_hea.rities and pertﬁrﬁa’cion‘s. The cooperé.tive
‘. phenomepa are interpréte_d as resulting frorﬁ a negative mass instability.
Despite the large minor radius and small number of electrons, experi-

ments on extracting the ring were performed; under acceleration the

ring failed to retain its integrity because of inadequate self-focusing.
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1. Introduction

One form of collective-effect ion accelerator that has occupied

considerable recent attention from several experimental and theoretical

groups is the Electron-Ring Accelerator (ERA), in which an intense

ring of relativistic electrons can serve as a vehicle to hold trapped ions

while it is rapidly accelerated1'6);, The J’INRgroup at Dubna has

reported the acceleration of nitrogen ions, by this means, to 60 MeV7).
A critical figure of merit, for an ERA, is the peak holding field,
Ep, that the trapped ion experiences in the ring, since this determines

the maximum rate of ion acceleration that can be achieved. For a ring

"containing Ne electrons, with a major radius R, minor semi-axes, a in

the radial direction and b in the axial direction, ‘this peak holding field
is giveri by

S ITrNee .

where f is a form factor of the order of unitys), Thus to attain rings of
high quality, i.e., large Ep, requires the formation of rings with small
major and minor dimensions containing a large number of electrons.

In our previous experiments, with an apparatus called Com-

pressor 2, electron rings were formed and the quality of these rings

appeared adequate for extraction of the rings and acceleration of ions,

(R = 3.5cm, a ® b ® 2 mm, Né &~ 4% 1012, Ep = 12 MV/m) (ref. ‘2).

'~ Mechanically, however, Compressor 2 was not designed to accomplish

these processes,
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In order to 'extz.'é.'ct fings-ahd accelerate ions, an a.p‘p”arat‘\'xé called
Comp'ressor‘.3 was built, Unexpve‘cted’ pher;omeﬁa.weré encouhtered,’
however,. in experiments w_ith'?Co:mprefs'so'r, 3 that precluded the forma-
tion of rings _\;;dth a quality approaching that of the rings formed in BN
) Compr'es'sor 2; viz., the rings formed in C,ompr_essbr 3 were observed -
fo have larger minor dimensions and a smaller humber of total elec-
trons, 'B.ec/:aus.é of the poor quality of these rings, it was not possible
‘to extract sel.f-foc.u‘séd rings and accelerate ions. ! This repo.rt.

.descnbes the Compressor 3 equ1pment (sect 2}, ‘the expenmental
observatwns (sect 3), and how these may be 1nterpreted theoreucally
_(sect 4) A brief dlscussmn comparmg the experimental resqlts of ‘

' Compressor 2 and 3is presented in the last section (sect. 5). Clearly,
a proper understa.ndlng of these phenomena. and how they may be cir-

cumvented is cruc1a1 to the de81gn of future r1ng forrrung apparatus

Z.Y Experimental Appa’rafus

Tilé ”electron souvrc;e‘ v;ras the 4.0-MeV, 500-A Astron injector,
which had Been rebui_lt and rhodified since the Compres‘sorl_z experié
fnentég).. ‘In this é'xperi.men_t a 3.3-MeV beam Waé employed. A specia'lr
bearﬁ transport system containing focusing solenoid magnets and steer-
iné magnets was cbnstrucfed to guide the beam from the injector to the
compressor. Thé layout of this beam l-inev_a.r_xd the compressor is shown
in fig. 4. Alumina scintillators and TV cémeras were used for visual-
alignrﬁént observations, and air-cored toroidal fransfor'mérs were used

to measure electron current at various locations along the beam line.
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The Astron injector .‘produceﬂd.é, 300-nsec bﬁrsf of electrons. A
fastbelecvtr.o.magnetic_b'earfnkbc.hopbpver was used to. select a ZO-ﬁseé' burst
for deijvery to the cornpress_or; which w}vas i)ulsed once every 3 seé.
The mémitfance measui'ing dei;ice sh.o.wn 1n fig. 1 nbt only was used to
measure the errﬁtta.nce, but a.léb contained instruments to collimaté tﬁe
beam, o‘r‘_Atb atténu.ate the bearh by different lamou'n'ts. ’.Th‘e attenuators
were carbon blocks <:iri'_11ed with a uniform pattern 6f holes and thus
could reduce the intensity without éhanging the emittahce. - Thei.phase-
area acceptance of 't.he compre.ssof'waé0.0S T cm rad, Short_collima-
tors of 2 cm and 1 cm'diam.e"vcer,v and a long collimator of 0.6 crn
diameter also could be insér'ted to select a central bright region with
some loss of intensity. | |

A cross section view of Compressor-3 is shown in fig, 2.
Alumina was chosen for the xv/acvuuni ché.mbef bec’au.se it is structufally
strong and has gébd vacuum éharécteristics, but rﬁostly because eddy;
current effects precluded ﬁse of large areas of metal, Baking at :150°C
and pﬁmping with two 500-liter/sec ion pumps resulted .in pressures
between 10’8 and 10.7 torr, A liquid-helium-cooled finger (130-cm2)
was used on occasion to reduce the pressure to about one-tenth of this
value. |

A pulsed weak;focusing magnetic field was generated by four sets |

‘of coil pairs, Coil Sets 1A and 1B created the initial field of 700 G at

injection and cofnpressed the ring to approximately 11 cm. By a.djust_-'
ing the partition of current between Coils 1A and 1B, the value of the
’ ' 9B

T
Bz or

Z

magnetic ~-field gradient index, n = - , at and soon after



injection could be varied. | (.The'cour‘se of n valueé experienced at the
locat1on of the closed orb1t throughout compresswn we wrll refer to as oY
the ''n tra_]ectory" ) The n value at the locatlon of the r1ng could be
shifted by putting a small current through a co11 set Wthh by itself
\x}ould produce a large value of n at that‘vlocatiOn. In .our oase, a small
capacitor was discharged through Coil Set 1B to shift the n trajectory
at la-rgeradii. Often,' two separate n;shifting oircuits Vwere used to.
| .modify n at different times during the eompres sion cycle.;

| To"cornprese the ring furth'er’ Coil Sets 2 and 3 were pulsed
s'uccessivel'y later in time. F1g 3 shows the magnetic f1e1d radiué
and k1net1c energy var1at1on w1th t1me during-a typ1ca1 compreSS1on
cycle. For .extractmn the compressmn cycle was mod1f1ed; another
cap‘acitorrvbank was fired across the left coil of set number 3. This
increased the field on the left and. 1orvered the fieid on the right, .caus -
ing'the ring to roll ~'bi1t"siow1y to :the right.' As the iroltage is raised
on -this- e‘xtraction canacitor bank,' a p'oint is .reached where the
rnagnet_ic. mirror on the ri»ght—ha_ndv side disappears and a rapid (nano-
second) release of the ring should have occurred with the electrons |
travelling rapidly to the right down the acceleration column. The image
.cyl.ind-er' (which‘ during extraction was located :20 crn left of the position
:éhowﬁ in fig. 2) was used to proﬁde additional focusing for the ring
during:rollout and releaseio). The 1rnage cylinder was a quartz tube
2.8 cm in radius with 36 10ng1tud1nal copper str1ps 0 35 cm w1de and
Q.0001 cm thick separated by 0.44 cm. The purpose of the copper strips‘
was to create an electrostatic image of the _ring'without the magnetic

. 10, 11
image ).
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The beam was introduced into the compressor through a tapered

injeéfion._pipe, or ''snout, ' made of soft iron (to cancel the field inside)

" and plated with a graduaﬁed'éoating of copper to minimize (at the

moment of injecvtviorvx) field perturbations of the pulsed field outside.

The center of this snout was at é. radius of R = 21.0 cm. The closéd

~orbit at injection with the inflector coil off was chosen to be about

18.2 c¢cm, corresponding to a revolution time of 3.8 nsec.
Devspite precautions, the snout -- as well as other metal near the

periphery of the compressor ---introduced azimuthal asymmetries in

.the magnetic field. Fig. 4 shows the measured asymmetry, at injec-

tion‘ time, in the median plane for two radii. Coil Sets 1B, 2, and 3
were wound to give a threefold symmetry at the crossover point so as .
to minimize first and second harmonic perturbations.a In faét, some
third ha’rmonié perturbation, due to the crossovers, was both o.bservéd
and predicted. by digital computations.

In order to injec.t the bearﬁ for three or fo-ur turns, a fast pulse
was applied to the inflec’.co.r coil (a single-turn loop at 22.5 cm radius
with aﬁ associated pair of loops at 13.5 cm, as shown in fig. 2), which
displaced the closed orbit at the snout from 18.2 to 24 cm and, then, _
during the ZOv—nsec pulse of beam, returned it rapi_dly' to 18.2 cm.

__The diagnbstic equipmentvwas as follows: (a) a 10-turn Rogowski
belt around the sn.01.1t morﬁtored the input current to the compressor,

(b) a pair of shielded Faraday cups (left-right pair) located under the

 snout monitored the arrival of the first few turns of beam current

(inflector off), {c) a radially movable collector probe (see fig. 2) wa_,s' V
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used to vmeasure the totai charge in the electron r'ing at various 'co.m—
; press1on rad11, (d) a cahbrated magnetlc pickup loop (see fig. 2)
measured trapped current versus time W1thout perturbmg the ring |
(e) A plastic scintillator viewed by a lead_—shielded photomultiplier
‘recorded the x rays produced r&hen all' or part of the beam struck the
chamber walls or the movabievobstacle 'probe.. (f) A microwave horn
‘and heterodyne receiver detected 'radiation from the ring at K-band
frequency (22 GHz). Without the narrow-band receiver, high intensity
microwaves in the X-hand region could be detected. (g)v A one—turn
loop antenna (see fig. 2) W1th a high -pass filter detected the cyclotron
| frequency (~260 MHz) and its harmomcs (h) Synchrotron light from
" the compressed ring traversed a sapphire window and optical system
to be 'recorded With an image-intensifiervcamera.having an exposure
timev of 500.nsec._ (1) The total charge in the ring could be measured
after vcompression bly activating the r0110ut capacitor hanh so that the
ring‘wo‘uld_moye to the right and strike the axially movahlevcollector

probe (see fig. 2).

3. Experimental Observations

'3.1. Single-Particle Effects

Undes1rab1e single- particle .behav1or >1n the ring-forming appara—
tus, or compressor, can be caused by betatron resonances which occur
when the radial oscillation frequency of an electron divided by
its gryofrequency, 'vr (or the axial oscillatio'n frequency divided by the
gyrofrequency_, vz), is a simpie fraction, or when the v, and v, values

are connected by simple integral relations. (See sect. 4.]1.for more details.)
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The importance of betatfon resonanceé was known frofn the Com-
pressor 2 .ex'peri.rhentsz). It was only by use of an n-shifter circuit
that a large early loss was avoided in that experime'nt. The function of
those circuits was to send a. small currben'tvthrough» a coil set which by
itself would produce a la:rge’rvx _é.t the posifion of the ring. By holdiﬁg
thg: n tr‘aject.ory faifly level and postponing' cros’sing' resonances until
the ring was at a small radius and hence ije'nioved from the peripheral
‘bumps, resonances were then crossed without _1érge amplitude growth,

The .importa'.nce in Compressor 3 of an n-shifting circuit is illus-
trated in fig. 5. The microwé.ve signal indicates the presence of the
ring; the x-fay signal indicates electrons strik:ing the wall or the
obstacle probe, which was pla.cé‘a‘d at 7 cm radius, The traces start
with Coil Set 1, and large x-fay, and microwave spikes occur at ihjec—
tioﬁ time (#bout 75 usec). With the n-shifter circuit turned off, all the
electroﬁs are lost in the first 50 ;Lsec after injecfion. With the n-
shifter cifcuit switched on, electrons survive untill they strike the
obstacle probe at a radius of 7 cm. The loss in fig. 5(a) appears to be
caused by several resonances that. are tra.vversevd with a rapidly
decreasing n trajectory. All da_t.a. shown in the other figures were
takefx with one or two n-shifter circuits activated,

To study betatron resonance with a weli-defined- beam, which has
a small n-value spread, a long collimator with a 0.6-cm-diam hole was
placed in the beam line. This reduced the injected infensity to.a few
amperes and also, presumably, feduced cooperative effeéts to a negli-
gible levél. Furthei‘, the collimation reduced the axial betatron ampli-

'tude, but the radial betatron amplitude was still 2-3 cm because of the
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~ injection-trapping mechanism. Fig. 6 shows the results of traversing
the n = 0.5 resonance. The x-ray burst indicates loss of about 1/3 L
of the electrons due to that resonance. Similar behavior was obsérved
from other resonances.

3.2. Coop‘e.ra_tive Phenomena

After éareful tuning of the Astron électron aCcelératdr and the
bééni-tra;nsPort system tovthe'corhpréssvor it was found poss_ib_le to
:t'ransf)Ort an injected cﬁrfenf; iO’ of typically '150VA, through the snout.
Tﬁe ‘ern'i'tt_a'.nc'e' of the beanﬁbthat.could be transpértéd thfough the srblolut
(z 0061r cm rad) exceeded the acébep'tance of the c'orhpressor (=0.05 >1r' -
.crn rad) In studying inténs“ivty-‘depevndeht effects, the stahdz;.rd pzﬂ'oce—‘
dure Was to tune fhé “ maéhine to 6btéin IOH = '150 A; rﬁake'obseryatjons,
introduce att.énvua','tovfs .fhé.t"<‘:(.)‘1.11d.vavri>ou’slyv give currents of 10/3,v 10/10;
or ‘10/3('), and repéat the observatiops. | |

'VA:pO\:Jverfl.ll tecﬁnidue for méa.'su'ring fé.dial dim_.ensiclms'vis the |
oﬁséfv';a,tioﬁ of the burvst’(;f'k ra.ys when the beam is destroyed on the
obétacle probe, namely when the electrons are sucvcessi{rely.'scfaped
from the ring as the cloééd orbif moves inward during corﬁpression. |
In the absence of. energy spread the electrons osci_llate about a single
. closed orbit.,' In that case the onéet of the pulse corre5ponas to the |
time of arrival of the electrons With'iargest betatron a;inplifude,‘. afnd"
the e.nd qf the pulse corresponds to the é,rrival of the cvlosed orb_ﬁ when -
the last particle is removed. (There was no evidence of a beam that

was hollow in X X' phase space.) Fig. 7 shows the onset and end times

of such x-ray pulses at various'.radii at low beam intensity, 10/30, and



-9-

it can Be. -see;nuth’a't the end Iﬁoints agrée vﬁth thé ca_lculalt:ed curve. The
‘shape of the pulse is a direct measure of the distribution of betatron
amplitudes. If, howevér,_'the be'a.rﬁ has a nonzero energy spread there -
w:ivll-be av.corresponding. spread in the radii vof closed orbits, and in this
case the end o._f the pulse corresponds to the time of a.,r‘rival of the |
closed orbit of the electrons with highest mbméntum.

W,_e.r'nade measuréments“of four quantitie.s tha.f were observed to
depend'upovn injected beam éurre'nt: (a) ring major radius', (b) ring
minor radius in the radial di'rection', (c) trappv'evd ring current, and

(d) radiation at the gyrofrequency and its harmonics.

3.2.1. Ring 'fnajor radius

Thé ring rhajo'r radius was measured in three ways: (a) gyro-
frequebn.cy' meaéurements, ,(B) synchrotron light intensity, ahd‘(c) x-ray
i)robe rhéasuremenfs. | |

(a) | Gyfofrequeriéy méasui‘eménts, with Ithev loop aLntenna,I gave .a direct
mé.asurement ofv the mé,jor radius of therradbia.ting eleétrons shortly
after ihjection time. These data are presented in fig. 8.

(b) Values for the mean ring major radius can be inferred from mea-
suremef_;t_ of the synchrotron light in the visible spectrum, which is
rather intense at the end of corhpression._ This intensity not only is
proportional to the ﬁumber of eléctrons in the ring but also depends
critically on the enérgy of the electrons. These measurements showed -
that injection at hiéh intensity .le.d to bé. significaﬁt reduction iﬁ the
energyvof the compresséd eléctrqns, By use of the known histor? of

the compression process, these measurements can be presented in
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terms> of a _fadius (and ener.gy) shift c.lo.se to injection time, as is dis-
played in fig. 8. The data wefe normalized to an 18-cm radius at 1/30
A ~of péak _‘infevnsity.

(<) S'upborti\;e evidence on this geﬁeral trend was provided by"yobéerv-
iﬁg a vs}_ﬁft with intensity in the time of varri'val-of the peak of the x-ray
vp‘ulse‘l v'vhen.‘the obstacle probe‘akwa.s pjlaééd a',t-'a. fixed radius (see- fig. 8)
:Sihce the- _poéitfon of the '['Jeak of vtl‘he pulse devp'e'nds on bofh the closed-‘
orbit position and the distribution of betatron amplitudes, these data
are ‘difficult to interpret unambiguouslyﬁ n'everthe_les's the observed
variation is q-onSistent with the data just presented.

We interpret these data in terms of a ré.pid reduction in the mean
energy of the e.lectrons iﬁ the early history of the ring by an amount
depending on the intensity .of the injected béam." At full intensity this
energy change is about 4%, and the corresponding mean radius éhange
is ‘about 1.5 cm.  The q'ues‘tion of whether this chénge in mean energj_

is ac'companied by a change in energy spread is discussed later,

3.2.2. Ring Minor Radius in Radial Direction

The ring minor radius was measured by observiﬁg the ti‘me dura-
‘tion of an x-ray signal produced by the ring being driven, during‘ the
'compréséion cycle, onto the movable obstacle probe. Fig. 7 shows the
‘time of occufrence of observed signals for different pro'be' radii, _ta_kén
at a low ring intensity. At.highe‘r beam intensity (same en.litt_ance).' the
_ éxperimental points elohgate to the léft, showing an increase in minor

radius in the radial direction. As shown in earlier experiments ), the
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minor cross section of the ring was approximately elliptical with a

density profile of the form
dZN ": _Ne ex. ‘. ' ] 1 r2 s z2 (2)
drdz ~ zmab P |TZ\7Z "Z)|

where a and b are the minor radii in the radial and axial directions

r‘espectivvely., ‘

Fig. 9 shows how‘ "a'" (extrapolated to maximum compression,

R = 35 cm) varied'with injected beam intensity. The results of fig. 9
indicate that a éoo.};e‘rat'i\»rev phério_menpri is spreading the minor radius
in the radial di';‘ec‘tion.

This is not sirnpljr an incfease in betatron amplitude. As dis-
cussed above, the major .ra.d"i{i_s of fhe ring decreased with injected
beam intensity. If the'.eiectr_ons were _tb loseu 4% of their energy at high
ihjected Aintensity‘but retain their small injected energy spread, the
~corresponding (R, t) curve would lie about 7%below that of fig. 7. How-
ever, the locus of end points for the high-intensity case did not shift to
such a curve bﬁt remained consi'stevnt with that in fig, 7 __' indicating
that, despite the shift in average energy, 'thefe still remained electrons
of the original energy in the beam. |

Thus the decrease in_major. radius and inci‘easé in rad_ia"l' si)read
due to a spread in closed orBits correspond to a decrease- in mean

energy and an increase in the energy spread.
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3.2.3. Trapped ring current

the area contained in the obs'er'ved x-ray '.puls‘esv, éftéf suitable |
calibration, can be used as a measure of the total amount of beam sur -
viving until destructioh'by the obstacle probe. "This' was measured at
several radii as a function of ‘be’a..m‘ intensi’t‘y,v‘vand'-the results‘ are shown
in fig. 'iO. The data points have considerable scatter, buf an average
of least;'squareé fits to 'fhe dbata for each'radius indiqates that in going
froni low to high intensity the proportion of electrons ci‘rculating in the
ring d‘rollasv by about 30%. Despite the bl-arge'fluctuations in this
‘sequence‘ o.f meashrements, one can i'nfervthat the loss due to high in-

tensity effects is.not a dramatic one.

3.2.4. Radiation at gyrofrequency and its harmonics

)

~Radiation from the ring at the electron éyclotroh frequency (wce

and its ha'rmor‘ﬁcs was observed fo be greatest near injectioh time.

v Fig. 11 _s‘hows.' t}-l‘e», Signai detvec‘téﬁdv by the loop antenna (wce' region) land
witvh. an X—baﬁd microwave detector (25 to 50 W e region). ‘The signals
reach vmaxi.rnum amplitudé in a fe\;v' nsec and decrease to a srﬁall value
in about 75 nsec. The loop-antenna signal actually lasts for several
microseconds, but at a much lower level. | )

A search was made, using the signal from the loop antenna and a
sét of pass-band filters for radiofrequéncyj radiation at frequ:e-n_cies that
might é'orrespond to |'(v :t.m)wce‘, where v is either the axial oi_' radial
betatron tune and m is a small integer or zéro.’ No such frequencies

" were detected, and the antenna signal was dominated by the cyclotron

frequency for some time after injection.
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_Mi'hdful that _-coo_‘p_e'rat‘ibve phenomena are strong_ly dependeﬁt upon
the energy épread in ﬂ!';e'fing, we measured the energy spréad ofvth'e
iﬁjecfed béém énd l.:;).tfeinpted, furtherrhore, to increase the Landau
yd‘amp‘air'vlg'o_fany co-ovp'el'lv'atix'fe.i_nstabilities By inérea.sing this energy
_' si)r'ead'. The ingideﬁt energy éprea.d i&as rhe.é_téured by vusing the com-
p‘ressvor as:‘a 340-deg spéctfonietel;. The snout was stopped down to a
harrow .s.lit; the field index, n, Fwa's adjusted to giv’e‘ an image of this
slit on the Faraday cups (340 deg away in'azimuth); and the charge col—I
i lévcte'd wé,s' ébse;ved as a functioﬁ of the magrietic fiéld.' Pulse-to-pulse
v jifter _'set'a, limit of %E— ~ o+ O.vi%, and we concluded that the instrihsic
energy spread was, at rhos’vc,_”o.f' this ord_er.. (T.hils wa;s a surp_rising
reéult, since measurements with Comiaressoi' 2 had given ATP = :EO.Z5%;
the differénce covﬁid be a.tt'ribute.d to the_“fact‘.that the Astron acceléfator
had been éompletely rebuilt ivnr the.-ti‘rhe éefio.d betwéen the Compressor
2 and Compres‘sor 3 experimenté. )

In an attémpt to introduce inétantaneoﬁs energy spread into the
injeéted beam, a thin eneréy-lbés foil of ‘irregular thickness wés intro -
duced at the exit end of the accelerator. Coulomb scattering resulted
in a large increase in emittance and the beam entering the corﬁpressor
was reduced below usable limits. As an alternative, certain of the
accelei'ating cores were phas'edi back to.ci‘eate an energy variatibn in
tinie.correSpOndin'g! to a change df 1% per turn, Wh'etl‘le‘r such a swée_p-
_'Iing.in enérg? without. significant insté.ntaneous ,spr.ead generates signifi-
cant Landau damping is highly ‘dubious, In any event, no change in the

' ring behavior was detected with this mode of Opération.



A fﬁrther at'temp‘vc to éhange the Lé,ridau c‘iamping‘was. made with’
the n-.shiftef circuits. Altho'ugh' théy were prirﬁafily ihtended to modify
the n tnraject:‘ory, théir activafion also produced a c'ha.,ng'e. in the.derix./-
ative g% close to injectioh tirné, leading to differ‘enf J.n value.s ekperi-
enced by elvecti'o.ns: of.différent momenta. The Qalué of -g—g— at injiection‘

" was varied from + 0.025_ c1r.n_1

to - 0,025 Cfn_l without any obvidﬁs
effect on.bth'e ring behavior, |

Collective behavior is expeéted to Be st_rongly dependent .upon the
eléctrical environment of the fihg. The interior-ﬁcerarﬁic surfaces were
plated with’ a conducting layer of about 150 Q/Squafe, ‘but a check at the
‘end of the eXperimeﬁt showéd that the layers seemed to have lost,.'
almost cm.rnp'le_teyly;. their conductivity. Thus, unfortunately, the e#per- :
iment may have been performed uhder poor conditions; é.nd, at thé
' leasf, thé aétdal co.:nditi'ohs' are unknown, which intl;odu'ces a furthex:

uncertainty into the interpretation of the results.

3.3. H1gh -Intensity Results

‘Expe riments at high intensity were typ{cally done with ‘an uncol-
.vli.rﬁa_.ted»inje(v:ted beam of 150 A or a collimated (2 em diam) beam of
lower emittance ;and 80 A. If three turns Were‘ trapped at '100% effi-
ciency then the 150-A beam would prbduce a ring contai_ning 1.1X 1013
electrc;ns. I—vIowevver, f'rorﬁ th(-; experience w1th -C.ompreSso_r 2, we
would expéct about é. 40% trapping efficiency,
v Measurements of Ne versus time are s‘ho.wn_in fig. 12. All these

data were taken with a 2-cm collimator in the beam line, except for the

magnetic-pickup-loop data marked ''full beam' on the figure (150 A).
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The mégheti_c ?picktip-lbop data représent an averdge of many pul’ses..
We believe the ma.gn'etic -pickﬁp-loop gives the correct absolute value,
whereas the raai-ai colléctof and axial -c‘ollector gifre a low value
beé_ause :df.secondary-eléétron emission.

Bbth the magnetic -pickup—léop and radial—collectér data show a
larjge electron loss during t'hev first 60 psec. In contfast, ‘the Com-
pressof 2 magnetic -pickup-loop data shoWed a nearly constant Ne
Ve'rsusb.tivrne.v 'Appé.rently, this loss is not due to a cooperative effect,
because atvva current l‘e\\/e.l of i0/3 the mé.gnetic —pic.kup-loop signal had
the same relative devcreas‘e with t.ime‘, but:v‘vith 1/3 lower initial ampli-

tude. Also, the signal from the é.xial'collector, measured after ring
compréssion, décreé.séd in proportion to the injeéted beam intensity.
f‘dr a cooperative loss, theA result sho4u1d‘ be vgbry' different. All these
variations in inj‘e'ction current were Idon‘e at coﬁstant emittance. MI_—WI.GW"_
ever, the 'full béam” h-ad a largevr.em‘ittance than the "2-cm beam, '
and the res.ul.ts in fig. 42 show that the parﬁcles with largef Eetatrbfr/‘if
amplitudes are more readily lost, | |

| Tﬂe movable éollector probe consisted of a sta.inles»s steel flag
that was mounted on a radial shaft that enfered from th‘ev outermost
radius of the compressér and was well to the side éf the expected ring
position (see fig.v 2). Nevertheleéé, with the flag at very small radii
out of the beam, the presence: of the shaft produc“ed large beam loss, as
evidenced by thek—ra_.y monitor. This oBservation_r is an indication of
strong axial spreading of the high—intens'ity'bearﬁ.

Table 1 shows a comparison of the electron rings formed.in Com-

pressor 2 and in Compressor 3, The radial minor radius was measured
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Vb'y the x-ray—prdbe. methoa (.séevsect. 3.2.2) and 'synchrdtron light
method. 2‘ The viSibie s&rnchrotron light for these enefgies is a _ré.i)idly
varying function of the elect.rqn energy. Because of the energy spread
in Compressor 3, the radiai minor radius-measured by this method '
may be toc'>‘ small, thus explaining the discrepancy with the 'x-ray—vprobe '
data. Thé axial width of the ring was measured by.'use of an o_bstacle
v probe and #—i‘ay detector as well as using thé syn'ch.rotron—'light method.
Thé main differences between COmpressors 2 and i3'.are Ne: at 90 psec
~and the axial width b. We attribute the decréaée of N, between 10 and -

90 psec and the‘ 1arge‘ b after compression to betat_fon resonance growth

in Compressor 3.

. 3.4. Extraction ‘of R'ing.

Déspite the poor'ring quality achieved in Compressor 3, attemp.ts
were rﬁade to eXti;act' the rihg axiéliy. At the time of peak compression
a capac‘irtor Bank.was dischafged s0 as to ivncre.asé the currrent ihvthe
left-hand solenoid of vCéil Set 3 and decrease the éurre_nf in the right-
hand sélenOid. This ﬁnbalancing circuit was criticall;i" damped so that
the magnetic. field would return to its usual symmetry in a few hi.lndredv
psec. By this method it was possible to roll the electron ri.bng tq var-
ious 'di.starnvcevs to the 'rig’htv_v'of the rhidplane and have it return.

.As fhe. rivng.rnoved to the .right of the midplané it:m0ved frbfn a
région with n = 0.1 toward a regionof n =0 (the poiht of release). By
increasing the unbalance cu.rrent it was possible to expose .the ring to
successively lower values of n and then bring it back to the midplane to

note the change. (As n is brought closer to zero, the V.= 1 and vz =0
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resonances are approa‘chebd with possible pas sa.ge through the ‘;r =1
resonance. Both v z;.nd vrz a{r.éof cbﬁrse modified by ion loading ana
the pres'envce ofvavv.n‘ifnage' cylxinder.) |

The ring sui‘vived.this motion until the unbalance current was
great enough to push it to the release point. | The ring was thén
observed tb strik.e a probe about 10 cm to tfle righ’cb of the release point.
From thé'long sigrial (several péec) it was obser';red that the ring did
not move és an integral uhit, but that betatron amplitudes peeled .off
axially a‘,s‘ the.y reached fhé rélease poinf.

| There waé no evide‘nce‘ of a %esonance loss during this stage

unless it occurred exactl? at the rele.ase‘time. Neither ion loading nor
the preseﬁcé of an image cyliil.'lder inside the ring affected the time of
the relea;se signals, giving evidence that the signals Were not caused by

a resonance loss.

4. InterpretatiOn of Observations

4.1. Betatron Resonances

The radial and axial betatron tunes v, and {IZ are related (for

single particles and without image forces) to the field gradient n by

l1-n,

<
H

.v ‘= n . o v (3)

In the course of the compression cycle (see fig. 3), there are a num-

ber of potentially dangerous resonances which can be encountered:
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2vr = 2v , atn = 0.5;
2v "+ v =‘2,, ‘ atn = 0.36;‘
Z T e .
2v. =1 atn = 0.25;
2v_ = v, at'n = 0.20. (4)
z r . S -

Presumably less impbrtant,-” and"hehce not included in Eq. (4), are
higher-order resonances, énd tHos:e"o'ccurring in fields witﬁ non -
median-piane symmetry, as tﬁe co'rnpressor-was- des’ig’ﬁed to .have
median-‘pla'ne.symmetry (and the magnetic measurements indicated that |
the deviations'frém this syﬁimetry _wére srhall_)‘..’

| Because the ring is formed vby injectiori of .three turns in the
radial direction, the radial be’catroﬁ afnplitude is greater‘. than the axial
betatron amplitude. The effect of all these resonances is to increase
the axial betatron ~am‘pv1'i‘tudes.' vThis can lead to an undesirably large
minor radius axially and to particle loss on the compréssor walls.

The .r.esonan_ces atn = 0.5and n = 0.2 are similar. They will
occur in magnetié fields with no azimuthal asymmetries, as they are
Adrive'n by noniinearities of the magnetic field,. nén_‘;ely, (o 2BZ/B rZ) é.nd
(B3Bz/8 'r3), etc. In confrast, the n = 0..36 and n = 0.25 resonances |
are driven by azimuthal asymmetry of the magnetic field. |

Analytic and éomputer calculations have been‘ m_ade' of the effecf
of cros_&ing the above-listed résonan‘éeslz)._ The ‘computer cé.lqulations .
emplo&ed magnetic fields which simulatéd thqse actgally present in the
experimental apparatus; that is, the ihpu_t to the coniphter consisted of

magnetic fields at various times during the compression cycle. In
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fig. 4 1s an example of the perturbatioh fiélds employed.

| One result of these cbmputational studieis wa’s that for the n = 0.5
reso_ﬁ_ancé the radial arﬁplitude sqﬁared plus the axiai amplitude
vs'quafe‘d is approximate:ly constant for each particle (unless the radial
amplitudes are extreme). Fou;' times the square of the radial ampli-
tude plus'.the square of the'axial amplitude is the.c_onserved' quantity for
'tlﬁe n = 0.20 resonance. Although the damége that these two resonances
can causev‘is thus éofnewilét limited, the fnixing of radial and axial
Betati{on‘amplitudes is not, in general, desi’rable.

Computational studies wefe made of the effe_cvt of crds sing the
r.eso_na.ncesvli'sted by eqs. (4). An example of the results is presented
in fig. 13, whefe a parti-éle. of initial radial amplitude 1.5 cm is taken
throﬁgh‘ the n = 0.5 resonance.
| In the experiment, trajectox;ies typica;lly traversed the n = 0.5
resonance 'ﬁ‘nder conditions which, accbrding to the computations,
should have caused a large increase in the axial dimension of the ring
and particle loss if the radial amplitude were gl;eate_r than 2.0 cm. Such
loss was in fact observed, as may be seen in fig. 6. |

During the experiment, trajectories stéying below n = 0.5 and
below n = 0.36 were also tried but failed to reduce the particle loss.
Computer calculations with séme of theée-trajectories showed that it
.W0‘111d b'é'disastroﬁs to cross n = 0.36, or n = 0.25, or n = 0.20 at large
radii (R > 15 cm). The computer calculations indicated, however,
that at smaller radii (R < 1'2 cm), only small émplif:ude growth would

occur.  In principle, by using n shifteré, it should ‘have been p_ossible,
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to st_eef clear of these:'reson_ahceﬂs until 's.rn>allber radii were réaéhe’d.

| However, under high—cﬁrrent conditions cooperative phenomena
led to a spread in closed'—orbit radii and consequéntly to a spread in
n trajectories when a dynamic n shifter is use.d. ‘This spread in n tra-
jeCtoriés (An ~ 0.1) presumably made it irnposéible to find a path that ‘
;avoided crossing a resonance at'ja large radius,' where the perturba-
tions and nonlinearities were relatively large. Ful.‘thermo.re, a spread
in clos‘ed‘ orbits leads to a spread in the time at §vhich a resonance is
crossed and hence to a dilated loss patterh in the X-ray siénal, which

is in accord with the observations on high-current rings.

4.2 Négative—Mass Instability .

Azimuthal bunching of the electrons in a ring will be unstable if
the spread in gyrofrequency of electrons is too small. -Such an insta-
bility has been observed in a variety of devices1'3_16). The threshold

[i. e..,‘ the cfitical number of electrons; (Ne)th’ below which the nega-

17,1
8

tive mass instability does not occur] is given by

. . ) |
. dw

. (R E cel (A _ ,

cow s EEEEE 0 o

whef,_e R is the ring major radius, Ty is the c_lassiéal electron radius,
Y is the ratio of total electron mass to rest mass, (Ap/p) is the.frac—
tional momentum spread (full Width at half maximum), wc'e is the gyro-
frequency, E is the total enefgy, and g is a fac‘;or that relates the
azimuthal electric field to the bunching:. In an azimuthally uniform

field and for y->> 1, we have



) wE‘ ) (;:E z. lin__"'., » : (6)
whe_revn is the field index.

The géometrical faétot, .g, is a functioh of the nature and location
of the rria.teria‘;l‘ néar fhé ring. For a rihg of miﬁér radius a, located
on th'é fnidpiane between t\;vo perfectly conducting vplanebs separatedbby
the distance H, the factor g bis given bylg) |

2

oL feen@h(E) . o

provided the mode nurﬁBe'r £ satisfies

(8)

<<
£ <<m

where the mode number £ is related to the perturbation wavelength \ by

0= 2R/, | N | @
‘and
ni:; =, o o o (10)
The last term in eq. (7) is ajcurvature. -- or ;oher.ent radiative --

term. In the limit of n, >> v, eq. (7) reduces to the more usual B
approximation for g--namely the first term of eq. (7)17). When { is
comparablé to or larger than n, then g must be evaluated

19,

bnurnerica.-lly ).
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For the case in which an electron firig is surroundéd by a closed
conducting cavity, the fa-ctof g .eXhibits resonanceézo’ 21), ‘and the. |
same tyi)e of behavior also occurs bif the surrounding rriateriai is
dielect.i'iczz). | |

We may erﬁploy eqs. (5) and (6) to gain insight into the expéri- :
mental 'situatio;n in Compressor 3. Solving for the momentum spread

2

.n'ecess-ar'y'to stabilize Ne = 4)(101 electrons yields (after inserting

R = I8 cm, Y = 7.6; and n = 0.5),

%E >5x10%g% . )

(SIS

If we employ' .eq. (7), taking H = 5cmanda = 2 cm, then
g = 0.041 and the threshold condition becomes (Ap/p) = 1.0%. For

mode numbers comparable to n, we érnploy the numerical results of

19

1
ref. ~7) to Obtaiﬁ the maximum g value (at mode 1= 35) of g = 0.094,
and h:evabn'cev a required ('Apv/p) =  1.5'%.
B 'HoWéver, the walls of Cdmpressor' 3 were ceramic with a low-
or zero-coﬁductivi’cy coating, as was discussed in sect. 3.2. There-
fore, computations for éeramic' surroundings (réf. v 2.2) are mo.st perti-.
nent,'r even though in this .lwork the aﬁalyéis is restricted to cylindrical
geométry. Neglecting curvature effects but iﬁcludiﬁg ceramic effects
should not be a serious. cofnprorrﬁse. |
 Numerical studies of the effect of conducting layers of various
surface conductivity supefimposed on ceramic indicate that the thresh-

old (Ap/p) increases rapidly as the surface resistivity is increased.

The variation of the threshold (Ap/p) for several wall conductivities is



R4

-23-

given (for a representative cylindrical geometry) in table 2.

Thus, since the. injécted e'nérgy spread in the experiment was

z 0.2% “anc‘iithe wall résistivity was -- at best -- 150 @/sq, one could

»e‘xpect, th_e_oretically, a 'sti'ong negative mass instability under full-

current operation.

The behavior of hegative mass-unstable beams has been studied

13,15

experimenfally ), and it was found that the beams self-stabilize

after increasing their energy spread. Quasi-linear theory23) as well:

as comp’utationél studiesZ4’ 25) predict self-stabilization, in agreement

-with the experiments. One computational study shows" that if the initial

energy spread is very small, thén’ the eriergy spread after self-stabili-
z;itiqn is tons.jider‘ably larger tha.n the threshold \.falue for a uniform

beami 24‘) i Since the experimentally n.*leasuredv initial momentum spi‘eéd
was below even the lowest theoretical threshold estimate, this instabil-
ity could have caused the significant increase in momenturm spread that

was observed.

4.3. Criteria for Ring Integrity During Extraction

In order to have a ring extracted as a unit, the self-focusing

forces must be large enough to satisfy certain inequalities involving the

_energy spread in the ring and the spatial derivatives of the radial mag-

netic field. 26) For the para'meters of our apparatus, the inequalities

are essentially equivalent to requiring_positi\}e axial focusing; namely

v é>o0. ‘(12).'
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During extraction the field index n becomes very small and the
formulas of eq. (3), for ,vrz and vzz, are inadeciua.te.’ Including the
effects of electfoh fepulsion, ion focusing, and irhage focusing, the

betatron tunes are given (for B ‘”; 1) by27) :

[

E 2 - 1-n- {Z%B)_ (i—-z 6 - (1T + 8(e_/U)(1-1) [(1-K2U)'E_1]

[

- (em/U)[(l-L?‘U)‘f-l] +an [(1'_v-‘2f—v)_P + (1-1) KI-L]} wo (13)

and
v s P & -n--nZ 48 - [1 x%y)"z 1]
z =7 b(a+b)2"‘z_ €e -f [(1-K7U) 2-
- (em/U) [(1 L U) "2 ] +n [(1 - Zi)'P +(1-f) K-L]} B, (14)
wheré
K~g—y; Legt—; v=22, (15)
' e ' ' 4R
and .*:Z'I'VS_e. - = (radius of cylinder for electrical images)/R ,
y vSm = (radlus of cyhnder for magnetic 1mages)/R
o= N_r /(211'Ry),.
f ='ZN/N , and
P = 2Iln [16R/(a + b)]

In the above equatior_is',v Ni is the total number of ions a'nd'Zi is the -

charge state of the ions. The electrostatic and magnetostatic image-
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field co¢fficienf§," €, and‘ er;, fo r a gond_uétof équal 0.125. The.ée equa-
tioﬁs are f_dr a ring with a uniformly popuiated eiliptical irninor cross
seétiéﬁ. ‘The value of a and b for a Gaussian ring (s.ee .eq. 2) should be
roughly_d‘oubled when ﬁséd in fhesev formulas.

'T.h—e. différenf :focusiﬁg:forcés contri}bubtin'g;to_ eqé. {13) and .(14)
have tﬁe sign vs:.ho‘wn in T_abie 3. Thﬁs' the linear and toroidal space-
éharge térfné, caused by bthe.f elec‘trons,i are defécusing axially wlﬁile
the iori van_d ir'.négé—focﬁ‘s.‘ivhg. terms are focusingvafciavlbly._ ThAe purpos.be of
ir'nage'.focusing is to form a po’sit.ive electrostatic image (in a cylinder
either‘o‘utside or inside the ring) with no magnefic image. This can be
achieved by using a cyiinder formed of -slottéd-rnetal conductorl 1) or
(for low Bl) a dielectric cylind_er28).>- 'Slotted-metal cylinders can give
values of € élose to Q.125; dielectriccylinders typically give values of
ee from 0.08.1:0 0.11. A slotted‘-r:neta‘l g&iiﬁder (see fig. 2) was used
fér most of the Compreséor 3.exPeriments‘.

When'the ring is moved into the n = 0 field fegion,' a tune shift
- will écéuf and cause both a and b to change. ;I;he change is evaluated

by use of the betatron phase-space invariants

Byaz vr/R = Cr = constant, . _ (16)

ﬁybz'vZ/R CZ' = constant. (17)
As n approaches zero, the axial width will increase, causing

weaker axial focusing, which in turn causes a further increase in axial

~ width. Therefore, using values of a and b in the field region where
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n = 0.1, ‘we‘ have solved eqs. (13), (14), (16), and (1.7) éimu.ltanebu-sly.
for (’a,.b,_vrz, vzz) by an iterative prbcess’. For C:(.)r'npressor 3 we have
taken y = 32.3 (kihef.ic en.ergy'»‘—' 16 MéVI) and R :. 3.5 cm (in the

n = 0.1 regivon)- and R = 3.3 cm (in the n E: 0 fiieid _r'egion).

Fig. 14 shows curves bof the nﬁnimﬁm numbér of electrons versus
b for three v.'alu'esv of a and f = 0.25 (but without image focusing). For
a ”given \};aiue éf a, the ring can hold;tog.ethe.r during éxtré.étioh only if
the poinﬁ (Ne’b) is above the cur\'.r.e. As on.e can see f?om the graph,
the. m1n1mum N‘e depends stlr'on_gllly- op b. Thev q_uality of the rings
formed iﬁ Cornp‘revs sor 3 was such that they shoﬁld not hold together
.cviu'r'ing.' extraction, as the_(Ne, b) value is >far below thel ;urves..

Fig. 15 shows curves of the minimum numberv of electrons
Ve‘rsus b for two vvalues‘ ofa, f = 0, a.nd..a slotted-metal image cylinder
0.5 cm frdm fhe center of the riﬁg. v(Note that a- must be less than the
separation of the image éylinder apd ring, since particles with large
amplitﬁde_,wi.ll be wiped off on the image cylinder.) An image cylinder
0.5 cm from the center of the ring gives an .aﬁéi'al fo;using equivalent to

about 50% ion loading. Thus, with the rings that were obtained in Com-

pressor"3, the axial spreading after release can be well understood..

5. - Discﬁssion of Compressors 2 andv3r

The. e'xperiment described herein followed previousv work on Com-
‘pressor 2, in Which we had been successful in making rings having
high current and small minor aimensions} Such rings should be suit-
able for extraction (see figs. '14.'3.1;'1;1'15).‘ It was, in fact, the previous

success which motivated .constructing Comipressor 3 with its potential
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capvabil.ity Ifor extracting rings and acceiéféting iéns. | Bﬁt, as we hé.ve
describéd in"ghi_s repdft, we. w‘ere_ not successful in fhe' Compressor 3
experirrieﬁts 1n fnaking rihés of édequate qﬁalri‘ty for e#{tractibn and
acceleration. | - | |

We believe that the difficulties encountered in Compressor 3 were.
caused by two veffevcts: (a) singl.e;pé,rtiéle resonahceé and.(b) an |
azimuthal insté.bility. The .vsir.lgle-pa.rticle resonances were presumably
driven By large azimuthal field perturbations and large nonlinearities
in the variation of the magnetic field with radius. The azimuthal insta-
Bility could have been caused by »inadequafe éonductivity of the cér-amic
surface‘s near the beam, or by the exceedingly small momentum si)read
ih thé initial Abea_m (either l.veading to an excessive momentum spread in
the rihg before self-étabvilizat.ion), or by: both effects. o

In compariﬁg fhis -expe’riment with Compressor 2 we find that
single-particle résonainces wére not neafly so i_fﬁportant in Cofnpres—
sor 2; theoretical ‘computations, using.the Compressor 2 fields, predict
very 1itfle beam loss or growth in ring minor dimensions for that |
expérirne'nt. Furtherrnore, in the Compfessor 2 experiment the initial
momentum spread was lar‘ger than in Compré_ssor 3; and, finally, the
walls of Compressor 2 may well héve had significantiy higher conduc-
'tivity'tha‘n tho_se of Compressor 3. (In bdth cases the interior ceré.mic
.s_urfaces were plated with a conducting léyer of about 150 /square.
. A check at the end obf the Compressor 2 experiment shoWéd that on one
of the ceramic ‘side,plates the thin nickel coating was still continuous,

whereas on the other side plate it was not. At the end of the
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Cdmpreésor 3 experifﬁeht:t}{e thin gold 'c'oating on both side plates was
found tb ‘.be.b.roken up into s‘mall, uriconnected i_sla"nds. Thé times at
which the Cénducting cQ'atings lost their integrity are uncertain in veach
Ccase) - . ,,"_ o o

Finally, we remark that it is impor'tant for the sucées sful forma-
tion of 'elecfron rings of high quality to understanci the difficultievs that
were encountered in the present experiment. ‘Our group is now
enga_ged in experiments with Compressor 4 thatareaddressed specifi- |
cally to this end. When a bet.tevr understanding of the creativon of high-

quality rings is obtained, efforts to extract and accelerate ion-loaded

rings will be vr,en_ewed.
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Table 1. Comparison of ring parameters

Al

Né at 10 psec -

'Ne at 90 psec

a (synchr. light)
a (1/4 beam)

a (full beam)

b (synchr. light) .

b (full beam)

Compressor 2

Compressor 3

2 to 4X ::1 0‘1'2 | 2 to 4% 10
2 to 4% 102  1x10t?
0.24 cm' . 0.24cm
0.25 cm 0.3 cm
- : : 0.6 cm
0.16 cm ' 0.5 cm

0.15to 0.3 cm ' 0.5 cm '

12
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‘Table 2. Threshold momentum spread
for various wall resistivities for typical .
. Compressor 3 parameters

Wall resistivity  (ap/p)y,
(ohm/square) (%)
0 ‘ 1.0
10 - 2.3
100 . 3.6

1000 96
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Table 3. Sign of fochsing forces
(near vz = 0).

12
r

linear space charge ' .-
" "toroidal" space charge +-
ion focusing = = o+

image focusing -
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Fig.

' Fig.
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'FIGURE CAPTIONS

ExPerimental "la_yout of the injector, beam line and com-

pressor.

‘Cross section view of the compressor. -

‘The major radius ‘(R) ‘of the ring, the kinetic en'ergyA (T) of |

the electrons, the rna>gnetic field (B) and-the rn_a_.gnet‘i.c field

index (n), at the ring, as functions of time during the com-

pression of the ring for a typical coinpréssion cycle.

The variation of the z component of magnetic field as a func-

tion of azimuthal angle for radii of 18.5 cm and 13 cm at the

time of injection.

Microwave signal (nondestructive indication of presence of

beam) and x-ray signal (indication of beam loss) showing the
effect of an n shifter on betatron resonance loss.

_X-'ray signal showing electron loss on traversal of n = 0.5 _

_resonance.

Radius of the electron ring versus time showing experi-

“mental points with the injected beam infensity attenuated to ‘
g 1/‘30 of its normal value. .

'Variation of ring radius (extrapolated back to the time of

injection) as a function of the injected beam intensity.
Minor radius of ring in radial direction (rms value) for a

Gaussian distribution [ see Eq. (2) j extrapolated to the final

" compression radius, as a function of the injected beam

" intensity.



Fig. -

Fig.

Fig. .

Fig.

Fig.

12.

14.

15.

237-

. The trapped beam.int'énéity as a function of the injected beam

intensity. The dashed line is a linear variation; the solid

curve is the average of least-squares fits of the experimental
. 5 .

.- points to the function Y = AX + BX“. o

. "S'igna'ls from.thé X-band detector and lopp antenna near

injection time.

Experimental measurements of the number of electrons in

the ring versus time. All these daté.,_ except the curve marked

marked '""Full beam,'" were taken with the injected beam

- collimated by a 2-cm-diam hole.

Radial and axial betatron amplitudes versus time as the

n = 0.5 resonance is traversed by- a pé.rticle in a compbuter
caléﬁlation. The initial radial and axial betatron amplitudes
are 1.5 cm and 0.1 cm respectively. Thé top graph shows
how n is varying during this time.

Curves of the minimum number of electrons to hold a ring

together as a function of b for a = 0.2, 0.75, and 1.5 cm;

f=0.25.

Curves of the minimum number of electrons to hold a ring

. togethér as:a'function of b _fo"r a=0.2and 0.5 cm; f = 0.

An image cylinder with €, = 0.125 and €, = 0 is inside_'thé

ring (R = 3.3 cm) at a radius of 2:8 cm.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: _

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting 'from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his emploj/ment with such contractor.
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