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Electrons were injected from a 3.3-MeV 300-’A"acce1,erator

into a.circular'orbit in a pulsed magnetic field. Trapped ring

12

curi:'ents of 150 A (4 x 10 velectrons) were rha:gnetically com-~

pres&sed from 19 ¢m to 3.5 cm radii and vsimulta,heously acceler-
ated‘f from 3.3 Me\_[;_vto 18 MeV in energy. The rms dimensions of

the cross section of the ring after compression were a = 2.3+£0.2 -

i
t

mm|radially and b = 1,6 + 0.2 mm axially. The lifetime of the
: .

i

ringl was typically 5.5 msec, and was determined by the decay of ‘
-the rinagnetic field after compression, 'fhis lifetime could be de-
creaised by the addition of hydrogen gas, indicating the focusing
effect of the trapped positive ions, |

|
]

In centrast to our present-day "single -particie" accelerators, in which
the self-fields of the circulating particles can be treated as a negligible or
minor perturbation, the basic concept of "collective -effect" accelerators in-

volves use of self—fiéld_s larger than fields applied externally, Use of self- v,
! v '
fields of intense clusters of electrons to accelerate protons and ions, with ad-

| .
vantages over other methods, has been speculated on in the last two decades. 1-4
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One form of collective-effect accelerator creates an intense electron
cluster, c‘lon»taining trappedvions, that can be accelerated electficélly (or.rnagv.-
netically)‘. Existing linear accelerating columns have typically achieved
.3 MeV/m for protons; if sufficiently high electric holding fields in the cluste?
can be ma.intained, this limit can be advanced by the factbr (proton mass/
electrén m#ss). U.sing an electron ring as a possible vehicle is suggested
in a sentence by Harvie, 1and finai stabilization of the ring by ion-focusing
_is suggested by Veksler et al, > The latter work is especially sign‘ificént in
reportihg experimental efforts to form electron r'iAngs with suitabie holding
power, |

Problems of formi'ng very intense rings have béen studied intensively
at this Laboratory, poséible instébility problems uncovered, and‘a.variety of
solutions prOp‘osed, 6 Encouraged by earlier experimental results® and by
.calculations, 6 we undertook an experimental program to form rings, load
them with ions, and study self-stabilization and acceleration, This note re- :
ports on an experiment onithé first two of these four objectives, with a ring-; '
forming "cornpresv-sor” th_ét was used at the 300—A, 3.3-MeV Astron facility: 7

' The equip'ment: is desc‘;ribedvin Ref, 8. The ring-forming apparatus, or
' compressor, is illustrated in Fig, 1. Alumina was chosen for the vacuum
envelope because it is structurally strong and has géod vacuum character-
istics, but mostly because’ éddy-current effects precluded use of large are"as
- of metal, Pumping by two 500 £/sec ion pumps achieved pressures between _

-8 and 10“7 torr,

10
A pulsed magnetic field was generated by three nested coil pairs,

pulsed sequentially, The magnetic field cycle, represented in Fig. 2, shows

a rise from 660 G at injection té 17 kG after compression, in a time of
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500 usec. Electrons are injected on an orbit radius R of 19 cm. They are
simultaneously accelerated a_zimuthally by betatron action from 3.3 to 18 MeV,
and compressed in radius to 3.5 cm. During this procéss, the minor diam-
eter of the ring damps adiabatically from a few centimeters to a few milli-
meters,

The ‘beam was introduced into the compressor thro‘ugh a snout made of
soft iron (to cancel the field inside)‘ and plated with a graduated coating of
copper to minimize (at the moment of injection) fiéld perturbations of the
pulsed field outside. The center of this snout was at a radius of R=21.4 cm.
The closed orbit at injection was chosen to be '19.,Q cm, corrésponding to a )
revolution time of 4 nsec. A fast current pulse is applied to the inflecfor-
coils distributed arouﬁd the cornp.ressor (see Fig, 1), which displaces the
élosed orbit from 19. cm to 21.4 cm and, then, during the 20-nsec pulse of
beam, returns it rapidly to 19 cm. The system was designed to inject with a
radial betatron tune, VR’ ﬁear 2/3 and so to capture three or four turns,

.Severalvdiagn'ostic devices were installed to study the formation of the
ring and its subsequent behavior. A pair of éhielded Faraday cups (left>-right
pair) recorded the beam after about a single turn (330 deg). When the beam
struck th¢ chamber Walls or any of the movable targets, x rays produced
were monitored external to the vacuum chamber by means of a plastic scin-
tillator viewed by a lead-shielded photornultiplierl.' lA fnicrowave horn and -
heterodyne receiver detected ra_diaiion from thve‘ ring at K-band frequencies
- (22 GHz). Typical oscilloscope traces from the miérowave and x-ray detec- '
tors are shown in Figs. 3a and 3b.

A loop antenna detected the cyclotron frequency (= 270 MHz) and its.

harmonics. A variety of loops was used to pick up the.magnetic field due to
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the ring itself, and provided an absolute calibration of the circulating current,
Synchrotron light from the compressed ring le'merged from a glass observa-
tion port and was I;ecorded witi1 an image-intensifier camera having an expo-
sure time of 500 nsec,

A special beam-transport line was set up.to transport -the beam from
the 3.3-MeV 300-A electron linear induction accelerato;;' to the compressor,
some 10 m away. As well as tranéport solenoids and pumping equipment the
line included many steering elements and diagnostic tools, including a real-
time visual display of emitta.nce9 that éidéd tuning of the beam for maximum
brightness. A fast electfomagnetic chopper was used to select a 20-nsec
burst of electrons for delivery to the compressor, which was pulsed every
2.5 sec, The moméntum spread in the beam was 0.5% (full width). The
phase-area acceptance of the compressor was 0.02 1 cm-rad, which was 40%
of the incident beam emittance.

Satisfactory multitﬁrn injéction was readily achieved. Initially, serious
troubles were encountered in trying to make the beam survive more thé;n a

few thousand turns (® 10 psec). This loss was eventually trdced to beam
-R dB
B dR

ward through the value 0.5 soon after injection, By modifying the current

resonances encountered whére the field index, n = s sWe‘pt dbwn-
programs in the coils to 'pbstpoﬁe the crossing of betatron resonances close
ton = 0.5, the difficulties near injection were cured. Crossihg n = 0,25 early
in the compression cycle also led to beam loss. This is illustrated in Fig, 3a,
where the drop in microwave signal and simultaneous burst of x rays indicate
catastrophic beam loss at 40 psec. Again, by further adjusting the current
program in the coils it was possible to postpone the crossing of this reso-

nance until late in the cycle, when it could be negotiated without loss., These
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resonance difficulties could all be understood in terms of singie-particle
phenomena and were not due to collective effects,
When a suitable magnetic field cycle had been established, currents of

t2 electrons,

150 A (at injection) were trapped, éqrresponding to about 4 X 10
_ The ring was compressed without significant beam loss to a final major
radius of 3.5 cm, where i£ was observed to be centered in the éompressor
within 4 mm, both axially and radially, After compression_, as the magnetic
field decayed, the electrons were decelerated and the ring expanded slowly,
eventually being lost upon gradt;.a,l encounter with the radial integral reso-
nance, The lifetime of the ring up to this point was typically 5 msec (see -
Fig. 3Db), but could be increased to 8 msec by a current program that ex-
tended the peak current in Coil 3 for an additional 3 msec before its usual
exponential decay.

The minor cross section of the ring was approximatély elliptical. | Sev--
eral determinations were made of radial dimension a and axial dimension b,
by use of both radial and axial probes and--most directly--by photographs of |
the synchrotron light (see Fig. 3c). All data are well fitted by a Gaussian
dénsity in four-dimensional phase space (r, r', z,z'). This leads to a density

profile for the cross section of the beam,

2 - N
d°N e 2, 2 2 /.2
T ds - 3oap ©XP [-(r“/a” + 27 /p7)/2].

 The values deduced are a = 2.3%0.2 mm, and b = 1.6+0.2 mm, The peak
electric field relevant for holding ions is 10 MV/m, when this Gaussian form

factor is used, and with Ne =4 X '10-1'2

and R = 3,5 cm,
Metered quantities of hydrogen gas were admitted to study its effect on

the ring. Above a threshold value (about 10-_5 torr H2 gas) the behavior of
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the ldng-tirne (5 msec) containment changed drastically and ;che electrons
were lost much earlier in the magnetic field decay cycle., If H2 gas were
pulsed into the chamber, after the compression cycle, the transition occurred
at the sarﬁe equivalent gas pressure as with uniflorm filling, Corresponding
synchrotron-light pictures showed radial blowup of the beam,

The degree of neutralization cannot be greater than unity, and in the
absence of ions VR is 0._84;'therefcl>re from the assumption that the observed radial
beam blowup occurred at vy = 1.00, we can conclude 1° that Ne/[na(a+b)] >
1.1 X 1Ol13 cm-z.' This is in good agreement with the value calculated from
the Ne’ a, and b obtained by independent measurements, which yields
Ne/[Tra(a+b)]. = 1.4 X '1013 cm—z, The blowup was dependent oﬁ ring current,
and at low curr)e'nt the 5-msec containment persists to much higher pressures,
This result supports the above model in which blowup requires an ion density |
sufficient to give the Av shift of 0.16.

Evidence of hiéh-current effects was observed at injection when the
entering currenf was greater\ than about 10 A, The time constént for decay
of magnetic images in the inflector plates was very short, and beam circu-
lating only a few nsec after the onset of current exhibited a reduced coherent
radial betag;cron frequency as a result of electrostatic images, This,' and
perhaps other effects suph as coherent bunching, interfered with an orderly
‘beam stacking process, and we observed reduced and variable efficiency of
injection at higher currents, Satisfactory and stable injection at the highest
injected current was ‘achieved by eliminating the inflector pulse; the mecha-
nism for this self-tr‘apping is as yet little understood.

Radiation at the cyclotron frequency, observed with the loop antenna,

appeared with an injected beam current of about 1 A, but it was small, with
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a 10-psec decay constant. At higher beam currents it increased in am]elitude
and duration and had a more complicated structure--for example, one iarge
burst of rf in the first few psec followedvby se\}eral later ber_sts occurring
out to 100 usec. The later bursts caused some slight beam loss, as indicated
by small, correlated x-ray bﬁrsts, Higlher harmonics of the cyclotron fre-
quency were present, and the microwave receiver indicated that they ext\end.
out to the 100th harmonic. We suspect that the cyclotron radiat.ion. is indica-
tive of a coherent radiative (negative mass) instability. 1 This instability
“is to be expected above ®8 A because of the vsma.tll momentum spread, but it

did not appear to limit the ring current in these experiments.
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‘FIGURE CAPTIONS

-,

Fig. 1. Cross-section view of the compressoi‘._
E;ig. 2. The major radiu.s (R) of the ring, the kinetic energy (T) of the |
electrOné, the magnetic field ( B) at the ring,' aﬁd the mdgnetic field
index (n) as fﬁnctions of time during the compress‘iovn of the ring for a
typica_lA compression cycle,
Fig. 3 a,b. Heterodyne microwave receiver (upper trace), and x-ray (lower
trace) signals, showing (a) containment with fast dun;p at 40 Hsecv;
(b) 5.5-msec containment with resonance loss as the magnetic field
~ decays.
c. Synchrotron light picture taker; with an ifnaée converter camera
showing the"cross section of the ring (500 ns‘evc exposure time), The

black dot and line are caused by the grid of the camera.
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