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The Brookhaven Tandem Van de Graaff facility consi.ts of twoc
model MP accelerators which have bLeen extensively mocfified and
improved over the years. Recent accelerator developments leading to #
maximum terminal voltage of 16.5 MV for one of the machines include an
increase of the active length of the acceleration tubes, installation
of vacuum pumps at intermediate field-free sections, installation of
smooth high- voltage- terminal shields and the implementation of =
system for individuzl acceleration- tube conditioning. A new
cylindrical vcltage-divider resistor-~ shieid arrangement has been
tested and will be installed. A novel Y-stage mode of operating the
tandems provides variasble low-energy highly charged heavy ions uged
for atomic-physics experiments. This type of operation haz been
improved by the addition of a removable gridded lens at the exit of
the 1last acceleration tube. Plans for the futui«¢ include the
production of relativistic heavy ions by injecting beams from the

tandems into the AGS 30-GeV proton accelerator at BNL either directly

“or via a tandem booster cyclotron. For this purpose, a high-intensity

pulsed-beam system was developed and tested. MASTER
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1, Introduction

The two model MP tandem Van de Graaff accelerators at Brookhaven
National Laboratory (MP6 and MP7) can be operated separately or
Jjointly in several different configurations. The highest energies are
obtained with the three-stage mode for which an ion source system is
used that has been installed inside of the high voltage terminal of
the first accelerator (MP6) operated at 2 negative potential. The
negative beam accelerated by MP6 is then injected into MP7, further
accelerated to the positive high voltage terminzal where the first
stripping takes place. A second stripper can be used which is located
in the first field-free section after the terminal. The  two

accelerators are also used in a {.ur-stage accel-decel configuration

to produce highly stripped low. enerzy heavy ions of interest for
atomic physics experiments. ".nally, negative atomic and molecular
ions are available at energies up to 11 MeV by using the ion source in
the high voltage terminal of MPu and a single acceleration stage.

This facility has provided =z large variety of heavy ion beams for
many years, The list of avriiable projectiles has bheer steadily
increasing and, to date, over () different 1isotapes have heen
accelerated (fig. 1). Also, *he movimum envrgies have increased over
the years (fig. 2), as a4 resul® of many large and small accelerator
improvemerts [1-10], the last of which have led Lo some ecxperiments
successfully performed at 1€.5 MV MP7 terminal voltage and to reliable

operation at terminal voltages in -~he vicinity of 16 MV.



The latest developments will be summarized here and 2 recent
improvement of the four-stage mode of operaticn wlll be described.
The possibilities for producing relativistic heavy ions at Brockhaven
will be reviewed anc test results will be discussed of a new high

'intensity pulsed beam system developed for this purpose.

2. Accelerator developments

Most of the recent MP7 accelerator improvements are schematically
indicated 1in fig. 3 and will be described in the following sections.
The new terminal shield and the column shorting system have alsc been
installed in the MP6 accelerator. -

2.1. Acceleration tube extension

The longitudinal acceleration tube gradient is still the main
limiting factor for the termins! voltapges that can be &chieved with
tandem Van de Graaff accelerators 1], 1t is thus important to make
effective use of the available longitudinal space by increasing the
active acceleration tube length as much as possible. A major step in
this direction was first taken at Strasbourg [11] by allowing the
tubes to protrude into the previously field-free column dead sections
and into the terminal. A simil%r approach was followed here, but new
acceleration tube terminations were developed in order to allow the
installation of vacuum pumps and strippers inspite of the drastically
reduced space. The active length of the six central acceleration tube
sections {section numbers 2 through 7) was inecreased from 72" to 88",

leaving only 8" between insulators in the dead sections. The first



and last acceleration tube sections (numbers 1 and 8) were extended to
96", Of these 96", 16" correspond to half-gradient straight-electrode
sections and therefore the gradients on the inclined field sections of
all tubes are the same. The exit cf tube number 3 has »een provided
with these 16 straight electrodes to improve the L-giage accel-decel
mode of operation [12] described in s2ction 2.6.

The new acceleration tube termination which can be s=zen in fig. &
the first time an irtegral flexible bellows. This

incorporates for

arrangement decouples mechnanical stresses from the first metal-glass

‘4

glue joint and is much shorter ‘uon Lne conventional t:aminations

which, in addition require separate bellow sections,

2.2. Dead section vacuum pumps

Due to the small vacuum conductance of the acceleration tubes,

vacuum pumps are required at intermediate locations between the ends

of the zccelerator and the high voltage terminal in order to increase

the heavy ion transmission and zlso to improve the acceleration tube

performance.
Specially designed Varian ion pumps [13] rated at 110

liters/3econd and tested to an ext.rnal pressure of 15 atmospheres

ware installed underneath the spring planes and just inside the hoop

rings as shown in fig. 5. All the dead sectiors on the low energy

side of MP7 were provided with these pumps while only one pump was
installed in the central dead section of the high energy side.
Motor powered 2" diameter lucite drive shafis operate generators

in the high voltage terminal and 1n the dead cecticns provided with
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vacuum pumps. The drive shaft -.ystems were purchased [14]) and

installed in both the low and high energy sides of the accelerator.

2.3. Shorting system for individual tube sectlon voltage condlitioning

Many large tandem Van de Graaff accelerators have systems which
allow voltzge to be applied to individual acceleration tube sections
for voltage conditioning. The advantages of such systems are that
there is less energy available to cause damage during discharges, that
the probabllity of tank to column breaskdowns is reduced, during
conditioning, and that the section being conditioned cannot be
affected by discharges in neighboring sections, At high voltage
terminal potentials up to 14 MV thf conditioning rharacteristics of
the MP7 acceleration tubes were such that the need for a shorting
system was not felt. However, at higher voltages such 2 system has
proven to be useful.

Two spring-loaded windup pulleys were installed in the fterminal
in order tc provide an electrical shorting system from the terminal
down the c¢clumn to successive dead sections in sequence from the
terminal to ground. A 1/B" steel cable <contained in the terminal
mounted, windup pulley 1is coupnled to 2 1/8" mcnofilament nylon pull
cable by crimping each end into a short section of copper tubing. The
nylon pull cable is reeled in and cut on a Slosyn motor powered drum
at each of the ground ends of the machine. At each dead section the
cable pulls through a three pulley system to Hnsure good electrical
contact as shown in fig., 5. The nylon pull cable is arranpged to go

through the open region available in the outside section of the column



structure and is well awzy from any of the rmechanical components ot

the column.

Quarter-inch daizmeter shorting rods »s shown in flg, 3 are also
provided at each dead section that slide through 2 Teflon compression

seal and are equipped with 1" diameter balls to contact the dead

secticen.

2.4, Improved high voltage terminal shield

A series_of sclid panels and spun ends fitted together to form
smooth skin terminal shields were 1iastalled to replace the parallel
bar csge structures originally provided with both acceleratours, The
new terminal shield is 80" in dia?eter as compared to 74" {or the old

system. The shield consists of fifteen 24° centoured panels that form

the eylindrica! section. F&orh of Lhe ° psanels {5 fasienen with four
captured screws and can be easily removed. This design reduces the
elz2ctriec field strength at the surface and zt the ends of the terminal
and at the adjacent equipotential rings, thus reducing the probability
of sparking 1in the terminal region. For negative terminzl operation
the onzet of corona discharge, which before limited the maximum
voltage to about -9 MV, now occurs at =11 or =12 MV,

The so0lid skin also provides better protection tc all internal

terminal components against surge damage from terminal sparks and 1t

contains scolid particles thet would otherwise falil to the bottom of

the tank, increasing the spark probability.



2.5. Test of cylindriecal resistor shields

The present arrangement cf spark-gap protected Caddock resistors
mounted between parallel plates attached to the tubes and to the
columns through inductive connections [10]) allows reliable operation
up to the highest MP7 terminal voltages. However, there are
occasional resistor failures and 2 gradual value change is noticed for
many of the units closest to the high voltage terminal. This
indicates that still better protecticn is desirable.

Previously a cylindrical shield conliguration had been
successfully tested {4) with the RFC resistors origin-ily delivered
with the accelerators, A similar system designed for the Caddock
resistors can be seen in fig. 6. The coils and the cylindrical caps
surrounding the ends of each resistor form an L. filter which
attenuates very high transient frequencies while protection arainst
lower frequency components 1s achieved by the annular spark gaps.
' Twenty such units have been 1installed close to the high voltage
terminal and no measurable changes ip resistor value have occurred
over a 3ix month period. Installation along the entire length of the
accelerator column is now being planned and the acceleration tube
resistors will also be protected by a similar system.

2.6, Improvements in the four-stage oroduction of highly strippea
low energy heavy ions

The principle for the accel-decel production of low energy highly
stripped heavy ions [12,75] is illustrated in fig. 7. The first

accelerator is used as a normal prsitive terminal tandem snd the hcavy



ion beam 1is then further accelerated toward the negative terminal of

the second zccelerator. At that point a second foll s4ripper produces

the desired high charge states and the beam then loses energy as It

returns to ground potential., By adjusting the voltages and charge

state combinations appropriately, a wide range of energies and charge

states becomes available. Ions with the highest charge states at the

lowest possible energies form the most unusual, most difficult and
most sSought-after beams. The three main factors which reduce the

available beam intensities as one approaches this limit are residual

gas charge exchange losses in the accelerator and bezm transport, beam

size growth and inadequate beam optics.
The very slow highly stripped ions are very far from charge state
equilibrium and the electron pick-up cross sections become very large.

The losses 1in the residual gazs at the exit of the deceleration stage

and in the beam transport line are thus cften very sub-tant.al. Thse

vacuum in the acceleratior tubes harc “een 1rproved by the zddition cof

dead-secztion i n purps s coetoon I hire, dditiensl vacuum

pumps have been installed wlorg the beam transport line where the

vacuum is now between ~. and ~5x10-7 torr, while it had been between

6

.5 and 1.0x10" -~ torr tbefore.

The beam size growth at low energies is due to the phase cspace
invariance of the beam spot area times the solid angle divided by the
energy. This 1s ‘therefore a fundamental property and one can only
remove unnecessary beam transport restrictions to avoid losing too

much o¢f the beam intensity. 1In fact, the beam defining slits at tne



object and image points of the double focussing 900 analyzer magnet
are set at openings seversl times widor than during nermol operation.

The conventional beam optiecs at the exit of the second
accelerator was not adequate for peeduceing the Jowest enzrgies with

inelined

P -

the accel-decel mode of vperation. First of all, the la=st
field acceleralicn tube sections produced too much vertical deflection
as the ions slowed down and acqulired electrostatic rigidities
comparable to the ones normally encountered at the injection point.
As was mentioned in section 2.1, this problem was solved by installing
a tube at the end of the second accelerator In which the last §
inclined field, full gradient sections were replaced by 16 half
gradient straight electrode sections, In fact, this tube is the
mirror image of the acceleraticon tube at the entrance of the
accelerzator. The second beam optics problem that was recently solved
is due to the electrostatic lens effect at the exit of the last
acceleration tube. These very "sofi" beams are sStrongly overfocussed
by this 1lens and therefore a removable grid was installied,
electrically connected to the last electrode (fig. 8), the potential
of which is controlled by - wvariable high wvoltage supply. This
arrangement is then similar to the gridded lens system a2t the enirarnce
of the accelerator. During 2- and 3-stage tandem cperation the gric
is rotated into the stored position where it does not interfere with -~
and is not affected by - the normal beams. The steerer plates
fcllowing this arrangement correct for residual vertical deflections
and are sutomatically connected to ground potential when the grid is

rotated into the stored position.



Results obtained after these improvements were implemented are

summarized in table 1.

3. High intensity pulsed beam tests

When discussing methods of producing heavy ions at energies above
the ones available from tandem Van de Grzzff accelerators, one r=n
either consider injecting other accelerators with beams from z tandem
or directly from a2 positive ion source at much lower energles.

The advantages of tandem injection have to do with this higher
initial energy, with the excellent beam quality and with the

versatility, reliability and ease of operation of negstive lon

sources. One disadvantage of tandem injection of CW machines such as

cyclotrons or linacs is that the beam intensities sre limited by the
maximum DC beam carabilities of the tendems. To get “he highest

energies, cyclic mavhires such 88 s'meprcerror 50 ust be uped, The

possibility of using tandems to inject such accelerators has not been
gencrally recognized in the past.

These synchrotrons accept injected current for only a small
fraction of the acceleration period: the AGS, Brockhaven's 30 GeV
proton accelerator for instance, will accept the input team during 200

sec out of @ 2 sec period, or 1 part in ‘IOu of the time. In
principle, it should be possible to make wuse of this fact by
accelerating short, high intensity beam bursts through the tandem

without exceeding its average beam capsbilities. The capacitance of

the accelerater structure should tend to prezserve the voltages



sufficiently during short times, even when the charging znd voltege
distribution systems would be totolly incapable of sustaining them for

a DC beam of the same Intensity. Of course, there could well be other

problems when very large beam bursts traverse the zceeleration tubes,
operated close to tnelr maximum voltage gradients. For instance, it
is easy to imagine how breakdowns or instazbilities could be triggered.

Until recently there was no good way to find out what the
problems might be because the available negative ion sources were well
matched to the limited current DC beam capablilities of the Tandems.
This situation changed dramatically with the development by HRoy
Middleton (University of Pennsy}vania) el his MARK VIT aputter ion
source [16] which provides over 200 ph of & variety of negetive ions;
an increase of more than cuae order of magnitude over older sources.

Prior to these tests this ion spurce had only been used in the 7C
mode. In this mode, positive cesium ions are accelerated through a
potential difference of 3 to 5 kV and focuszed onte 2 rputter target
from which the negative ions originate. These negatire icns are
accelerated by the same 3 to 5 kV and then further accelerated by an
additional extraction voltage of about 20 kV.

In the pulse mode developed here [17] (see fig. 9), the total
negative ion acceleration voltage 1s kept constant so as to preserve a
constant beam energy independeni of any pulse shape imperfections,
Only the cesium acceleration voltazge is pulsed from a DC base level of

about 1.5 kV to a maximum intensity :evel of about 4.5 kV. The lower

value is adjusted so as tc generate a low intensity DC beam wused for



tuning the accelerator and the beam transport. The pulse amplitude is
ad justed to obtain maximum beam pulse intensity and the nptimum
amplitude varies with the sputter Larget material and other ion source

opaerating conditions,

The nulred beam intensities observed oare similar to beam
:ntensities obtzined for DC operaiic:. Bezm pulse rise times between
Z and 10 usec were observed whille the applied nigh voltage pulse had a

rise time less than 1 seec.

The pulse length for these tests was adjusted to 230 usec and ten

pulses per s-=cond were injected into the accelerztor., Exzmpies of
. ces e 1% 32 : e ra
pulse shapes and intensities fo- -0 and S bezms can He seen ‘o Fig.
10.
32 . .. e L
For instance, In the case of N 70 uA negat:ive lon beom was

iriecied and the total instantaneous accelerator output current was
900 upk, of which <4C ud (27 particle 14) wes in the most abundant

charge state. The operation of the accelerator was completely norinal,

evern though instantauecus iptencities were over twc orders of

magnituie larger than conventinnal DC te-ms,
While DC beams must 2lweves be muen @meller than charging and

voltage divider currents, tnese pulse: beams are in fact muchk larger

(see fig. 11). The terminol voltage 1s kept neariy constant by the

tarminal-tank capacitance. The ‘¢tal calculated voltage z—-oop at the

end of the pulse is 1 kV and the deviation from the average ic 0.5 kV

or 13.5x1ud5 of tre total voltage. Tie emittance of the analyzen veam

L
v o

was approximately determined by acdiuvsting a sert of slits lcneteu 2
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focal point so as to transmit 80% of the beam and by probing the beam

profile with a beam scanner located Y meters beyond the slits. The

values obtained for oxyzen and sulphur are 18 und 67 mm mrad Mev1/2,

respectively,

In spite of the very large instantanvous beam intensities, the
operation of the acceleratoer was compl-tely normal, ¢1d the measured
beam gquality was excellent. From these resulis one can conclude that

if necessary, even hisher int<nsities couvld be obtzinea.

4, Proposcd future dev:zlopments and conclugions

In *he tnree~stage mode of operaclion with MP6 at ~11 #V and MP7
at 16, the heavy ion beam energies using single stripping are roughly
equivalent to the energies from 2 gingle 1¢ M. tandem. Even higher
energies will become available if an intershield system similar to the
Strasbourg Vivitron [18) is implemented in MP7.

Now, plans <2re being made for accelerating heavy irne to much
higher energies. A oooster cyclotron has been designed [19,20], based
on @ large existinp =oom-temperature mognet. This cyelotron would
multiply the taudem energies by approximately a factor of 20. To get
relztivistic hesvy ions, there is a proposal [21) to inject the beauns
from this cveclotron intc the AGS, whi.h could accept heavy ions up to
lodine uwithout any vacuum improremenris. Some of the lighter ion beams
such #8 oxyZen or =ulphur could actu2lly be injected directly from the

tandems [223.
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The very good beam guality would allow many more turns %o be
injected intc the AGS than is customary with linac injection. This,
together with the now demonstrated heavy-ion intensities from the
tandems (see gsection 3), provides a large safety margin to asture that
oxygen 1intensities of ux101o particles per pulsc can be reached, For
iodine beams, which require the cyclotron booster, the intensity would
be 109 particles per pulse.

Beyond AGS injeciion and beams at 15 GeV/AMU, considerations have
been made of possible injection of heavy ions into the future
Colliding Beam fAccelerator proposed for Brookhaven [23). Tnere appear
to be no technical problems in accepting AGS Heavy Ion Beams - possge
cf heavy ion beams through transition during acceleration can br
accommodated by all presently consicdered CBA designs. The range of
heavy 4ion beams with reasonable luminosities (see fig. 12} that would
become available is truly impressive -~ involving center of mass
energies ¢f crder 105 GeV.

This work was supported by the U.S. Department of Energy, under

Contract No. DE-AC02-76CHOC016.
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Figure Captions
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1

Elements which have been accelerated by the BNL tandems are
enclosed in circles, with dots indicating individual
isotopes.

Maximum energies for three typical beams as 2 function of
time.

Schematic rerresentation of the main components involved in
the recent upgrade program.

New acceleration tube terminztion incorporating an integral

flexible bellows,

Schematic reprazsentation of the configuration of & dead
section contazining a 170 liters/second ion pump.
Cylindrical snie:ding arrangement for columr -esiztors.
Schematic diagrom of frur-stage accel-decel system and
eguations describing the beam energy at the strippers and
at the exit of the accelerator.

Removable grid system installed at the exit of the last MP7
acceleration tube for improved four-stage accel-decel
production of highly stripped low energy heavy ions.
Simplified schematic diagram of the pulsing system for the
MARK VII Middleton sputter ion source. The indicated
voltages are typical and can be adjusted for optimum
performance. The energy of the negative ions is determined

exclusively by the extraction supply and therefore does not



Fig. 10

Fig.
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vary during the pulse, The 1.5 kV DC voltage in seriles
with the high voltage pulser provides 2z 1low Iintensity DC
beam used for tun.ng the accelerator and beezm trangport,

Test results for high current pulsed heavy ion beams
obtained by injecting 325 and 160 beams from 2 MARK VII
Middleton ion source into the Brookhaven MP7 Tander Van de
Graaff sccelerator. The oscilloscope traces show a) the
injected negative beam currents, b) the total becams
corrtaining all charge states a2t the exit of the
accelerator, and c¢) the analyzed most abundant charge state
components. These anflyzed beams were 43 particle UA of

3259+ The

100 Mev '%0%* and 27 particle uA of 140 MeV

emittances were also measured for both beams and were found
to be about 18 mmm mrad MeV /2 in the worst case. This
excellent emittance and the pulsed beam intensities iwo
orders of magnitude 1larger than normal DC tandem beams
assure that the beam intensities for AGS operation gquoted
in the text can be reached with large safety margzins.

Simplified diagram of currents entering and leaving the
high voltasge terminal. The relative magnitudes of the
currents are indicated by the length of the heavy arrows.

During a (eam pulse these currer*s are not balanced and

charg-  wust  bLe supplied .y v e aml-tonk o, acitarce,

The resulting total voltage droop for the present examnple

is ~1 kV.



Fig, 12

Energy/nuclecon for the present BNL tandems, for proposed

systems involving a large booster cyclotron and heavy ion

injection 1into the AGS 30 GeV BNL proton zynchrotron and

for possible future cclliding beam accelerator performance,

The Bevalac energy curve is shown for ceomparlson,
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Table 1. Exanmiples ¢ ° Accel-decel Beems

Ion Final Final Finel
Charge State Energy Current
(MeV) (nd)
17¢1 16 20 3.4
16 0 o.°
16 0.9
1< 2.5 5.0%
)
16 5 te 16 20 €
15 15 12
15 8 0.5

* The production of this beam would have been impossible withcut the
gridded exit lens arrangement shown in fig. 8 and described in the
text. The other beams were produced before the instzllation ot
this system,

*
Depends on charge state, Typical currents are 4 nfA, increasing to
110 nA for the most probable charge state, 14
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