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Abstract

The Beam Experiments Aboard a Rocket (BEAR) flight rf
control system has been completely designed and has kn
operated as a pan of the tiigh[ accelerator system in the actuaJ
flight configuration. The accelerator has been vm.ica.lly inte-
grated onto the flight support structure (space frame) and has
been operat~d in this configuration in preparation for the actual
flight which is scheduled fcx late Spring. 1989. The rf control
system consisxs of redundant voltage controlled oscillators,
redundant amplitude controllers which maintain the pro~r
fields in the RFQ, a frequency controller to maintain operation
at the resonant fie.quency of the RFQ, and the necessary system
monitorx and interfaces required for the amplificm, onboard
system controller, and telemeny. The rf controller had to meet
the electrical and environmental m-quiretmnts while staying
with its weight limiL This paper desmibes the final desi of

Tthe rf controller and results from operation of the control er in
its final flight configuration.

Int reduction

BEAR is a suborbital rocket flight to demonstrate the
autonomous opera~ion of a Neutral Particle Beam accelerator
and to observe the propagation and interaction of the beam in
space. The payload will reach an apogee of apmoximately 200
km, the flight will last about 500s, The pertinent rf and beam
parameters for the experiment are given in Table 1, Further
details about the BEAR experimen! and accelerator results can
be found in u companion p~per,’

TAFtLK 1

RF SYSTtI:M SPECIFlf.’.”i”loNSNS ANI.) llttAM PAIIAMKTliRS

K’rcqucncy 42S * 0.5 MIiz
I’u!sc I.cngth 60~9
Repetition Rtite 5 IIZ
RF’ Power Capability 120 kW
RF’ Power Required 100 kW (nominal)
11- output Current 26 mA
output Ncam I?ncrgy I McV
Flight Time 500 s
Mission Apogee 200 km



RF System

A block diagram of the RF system is shown in Figure 1.
The RF amplifiers were built by the Westinghouse Electric
Corporation under contract to Los Alamos and are described in
a companion paper.~ These amplifiers provide from 1 to 60kW
of RF power determined by a O to 10 V control signal. The
amplifier is actually built as two halves which are combined tc
give the full output power. Reductions in output power are
obtained by mi~phasing the two halves of the amplifier with
respect to each other while maintaining a constant phase of the
output.

ThP RFQ accelerates a 30 keV injected beam to an energy
of 1 MeV. The RFQ body is an electroformed aluminum/copp-
er structure with a loaded Q of 2500,1 The copper power
required is approximately 70 kW to establish the appropriate
fields in the RFQ. The RFQ has two in ut loop couplers which

8are located at the midpoint of the RF length. The ICMJpSare
etich driven by separate power amplific rs. For proper operation
the two drives must be in phase with each other over all power
rimges. This is the primary reason for !he internal phase control
described above for the rf amplifiers. The RF controller links
the different parts of the rf system to each other and to other
parts of the accelerator payloud t.md provides the system
control

RF Controller

The biisi~ design of the rf control system has been
described previously.’ In the final configuriition the rf controller
which contuins everything except the 40 V regulator, was
p:luktigcd in u box 6“X10,2S”X14” and weighs 16,25 lbs. The
rcdumiiint Piirts of the RF Controller are the amplitude con-
[rollcr and [hc rf source. Armthcr rcdumhmt circuit which is not
shown in I;igure 1 is the 40-V rcgulutor (40-V is required by
the rf ilmplificrs). The 40 V rcgulu[cwWils ptickiiged scpurite!y
for [h~~nill considcritions and weighs 4 Ibs in a puckage
H.5’’XH,5’’X6”6”.

‘[k lIUill illllpli[lllk conmd]crs hiiVC bolt) integral tind
propolliollill compcns;i[ion. The s’witchovcr circuitry for the
ampli[udc controller uses Hwindow ~()[])[)ilrilt()r I() monitor the
rf con[rol volttigc hcing sent to the rf umplificrs, If the rf control
Voltiige is not hctwccn the two [hrcshol(.1levels of the window
compurutol”, [hc switching circuit selects the other mnp]itudc
~xmtrollcr. All switching, including [hr switching Iwtwccn Ihc
lwt) Vollil~C (’tm[rollcd oscill:ll(m (V(’( )’s), is Am during Itw
illlrrv;ll Iwlwcrn rf pulscsm



The logic of the window comparator is as follows. A loss
of the feedback signal !iom the RFQ would cause the control
voltage to peg at the maximum level. This condition would be
sensed by the high level of the window comparator. A loss of
t-hesetpoint level would cause the control voltage to go to zero,
which would be sensed by the low level of the window
comparator. If the limits are exceeded because of a failure in
another part of the rf system, no harm is done by switching
back and forth between the controllers because they have been
adjusted to operate as much alike as possible, Thus if a power
amplifier has degraded enough that the rf control voltage is
pegg~ at the maximum level in order to get as much out of me
amphficrs as possible, there would be no harm caused by
switching between the two controllers.

In the original design of the rf system there were redundant
frequency controllers, After more experience with the system,
we found that the frequency contoller design was quite robust
and the logic required to determine if the frequency controller
was malfunctioning was difficult to implement. As a result the
redundant frequency controller wiis eliminated.

The frequency controller is a phase locked !cmp (PLL)
comparing the output phase of one of the amplifiers with the
phase of a sample of the RFQ fields (Figure 1), A phase
difference between these two signals arises when the RFQ
resonant frequency changes (most likely due to a change in
tempertiture). The output of the phase detector is the error
signal for the PI.L which changes the VCO frequency in order
to bring the error to zero. In actual practice thiz loop has
nlaintuind the rcsona.me to within N.O 15 MHz over a range of
iipproximmely ().25 M1-lz.The full range of frequency control
by the PLL is 425 MI,5 MI Iz, limited by the range of the VCO.
‘l’heR1;Q htis bwn w.i”ustedfor a resonance of 425.262 MHz at

Ja tempertiturc of 70 F (umicr vilcuum with 11 psi ambient
pressure). The rti?~of chunge of !;~isresonance is tipproximiitely
-8 kHrF, On u typicttl diiy of opertilioll in the laboramy, ~he
rcsonam fruquency chimgcs from upproximu[ely 425.2 Ml {z w
stunup to :lpproxi[l)itt~ly 425,0 MIIz by the end of the day.

Ilxicrnal inputs to the rt-ctmtrollcr include 2/!-V t.md50-V
from bii[t~ry pii~ks or ground power und four signms from the
onboml lnicrt~(m~putcr controller: RF Iinuble, RF l% fire, RF
Sync, imd the Amplitude Setpoint. The 2~-V input is used by
the RIJ Controller ml [hc 50-V is rcgulilicd down to 40-V for
[hc R1~umplificrs.

R]; l{llillllt~is csscmi;llly illl [m-off switch for ()])Clilti()ll of
lhc rf c(mlroilrr, k}; Ik!irc is il Sigllill rrquirul by lhr rl
iu]ll)lificrs it])l)l.oxit]lilt~ly 4(KIIIs I)lhforu IIIC Ri~ ,Syt]~”,‘I”hl!
I’rutirc sigl~ill wiik~s up c.ir~”ui[swhi~’h shu[ down ‘Iurillg the
illtcrpulsc inlurv:il in (mlcr 10 c(mscrvc p)wcr. ‘1’lw IJwlirc
\igllill is ill!io llW(l I)y Ihc l<l; (’olltrollcr” Ior sotlk” 01 tllc



Sampie/Hold functions. The RF Sync is the signal which
actually defines “fie 6(JM rf pulse, and the Amplitude SetPoint
establishes the level for the RF fields in the RFQ.

Outputs from the RF system to the onboard controller and
telemetry system include an assortment of state-of-health
signals such as power supply levels and rf drive levels to the
amplifiers. In addition, several signals an sent which indicate
the cument status of operation. These include amplitude conrol
level, high VSWR indication, operating frequency, and five
pulsed waveforms.

The five waveforms which are sent are the fonvard and
reflected ~wer from each amplifier und a sample of the RFQ
fields. The wavt forms are digitized by transient d.igihurs in the
onbmrd microcontroller, The transient d@izcrs sample only
every 5ys, so each trace will only have twelve sample points.
More sample points would certainly be preferable, but we have
found that the twelve sample points give enough information to
satisf~ctorily analyze the system condition.

Environmental Testing

The entire rf system has been successfully envh~,mlentally
[ested, The environmentid tests include shock testing to 50 G in
both directions along all three axes, vibration testing at .042
G’/Hz (9 G rms) a.iong all thrvc axes, and thermal cycling
through three complete cycles from -24°C to +65°C.

operation in Flight Configuration

A sample of the digilized fmward and retlected power and
RFQ field dti[a are shown in Figures 2 and 3. For compwison,
osci!,loscope datu of the stilne signals we shown in Figures 4
iind 5. The tligi[iztd dil[ii show the ieflectcd power spikes U[the
beginning and cnd of the [rii~~s iitd the forward power peak at
the stan of [he trace. During this initial burs~ of forward power
[he amplifiers put out full power in order to bring the rf fields
up in the IWQ M quickly as possible. The digi[iz.e-dRFQ signt.d
shows initiul oversh{x]t, but the finer deli)ils of the dntu we lost
due to the low stimpling rtite.

In order w simplify the opcriitim of the RI; controller, we
huve used inumud po[s to adjusr the giiin/compcnsatiorl level of
the controller. These pots are set up for operation with a bcum
out of the RI:Q on the order of 25 mA. The control systcm hus
ken designed with ihc pole C!UCto the RI:Q acting M the singk
(k)minnn[ pole. !+incr IhC h~ilill Ioiti!ii)g rcduccs the Ioidd Q iis
SCCII by ltlC umlr[)l SySIL’111,il Ctlilll~C in t)Cillll l~VL!l(C\pCUiillly

[t) zm)) ~hilt~~~s the hx;ili(m t)f the IN)Ic duc h) Ihc RI;() in [hc
Imqucncy (k)ll)ilill. AS [h~ I)(mii[]] is rdwxl tk p(Ik IIN)VCS I() :1
Iowcr frqIIcnL.y. “1’hisIm)vcmcnt rc(lmx*sIhc ph;lsc/g:iin Illiil’
gins of IIN!~x)t)lrolSyStrlll illl(l lC’il(!S t:) :1 Il][m: llll!iltllll~SYSICII1.

Analysis iiil(l tl)(~iis(i~lll~ll[s of IIIC (hOIIIIol” SySICIII sIIOW III;II IIIC



phase margin without beam is only about 27°. With a nonumd
amount of beam (12- 15m.A), the phase margin is about S5°.
This effect is seen in the ringing and overshoot of the WQ
fields with and without beam. Figure 5 shows the cavity fields
with beam (about 12 mA). Only a small overshoot and almost
no ringing is seen. Without beanl, Figure 6, the ctwity field
shows a very high overshoot and many cycles of ringing.

The very high initial overshoot tends to make the RFQ arc
which has caused problems during conditioning of the RFQ. In
the test stand operation and in the initial o~ration on the space
frame, we ran the rf system in an open loop mode or actually
adjusted the gain/compensation of the controller just to do the
conditioning and then readjusted for beam. The flight system
does not allow either of the options, so special care must be
used when operating without beam. However, as the RFQ has
gone through more conditioning cycles and more how% of
operation, the arcing problems due to this overshoot have
diminished.

Operational Results

The rf power levels required for successful operation of the
accelerator depend primarily on the Q of the RFQ, the field
Ievrl needed for acceleration to 1 MeV, and on the amount of
beam. There are other more minor loss mechanisms in this
system. These include reflective losses due to drive loop
mismatches and operating frequency errors and phasing losses
due to mismatched cables from the two amplifiers.

The minor loss mechanisms turn out to M very small. In
actual operation, the ref!ected power values are typically a few
kW out of 100, The power loss due to improperly phased
timplifierx is propo~ional to the square of the cosine Gf half of
the phase cmgle (where 0° implies umps in phase). This is a
very slow fmction around 0°, id in ffic~a misphasing of 10°
Iew.ls to power loss of less [him 1%. In actual ussembly of the
flight payload, [he amps were phtised to within 2°. As men-
Iioned above, the operating frequency hus been main[tiined
within M),O15 Mlfz of the resorumt frequency. This amount of
error would leud 10refhxtive power losses of less than 1%.

The RFQ design rcquird ii drive loop coupling fuctor of
1.5 (overCoupled) for the design value of beam (26-30 mA).
‘Ile tic[ual coupling ob[ilincd wits about 1.42 for one loop und
1,65 for the other, The power loss thw occurs because of
irnprowr coupling is more duc 10 vuriillions in Ixnrn cuncnt
Itum to improper coupling filcttws, Thnt is, the dnily opcrtuion
snow:: vllriillions in RI;Q currcnl of tihout 50% bccnusc of
~.hilr]gc~ in [Iw opcriiting chilr;lctcrislics of IIIC ir]jcc[or. ‘lqhc
viwi;llion irl ~;urrcnt, no[ ir]cormc[ il(ljllstrllcrl[ of Ihc coupling
Itxq)s, is lhc prirllilry rl”ilsorl t(m c(ulplill~: errors. ‘l”hc power
h)s.wsduc [()[hcsr c(mplillg crr(ws :Ir]loun[s I() only ii fcw kW in
ltw worst L“;ISC.



The field level neccssq for proper acceleration of the
beam to 1 MeV has been determined in a numb of ways.
Calculations based on the Q of the RFQ and the requkd
imervane vol[age determined that 71 kW was necessary copper
power. This level of power was then used to determine what
value the RFQ field samples should be. In another measure-
ment a beam spech-ometer was used to monitor the level of
beam obtained at 1 MeV as the RFQ field level was adjusted.
The final method was IOrecord ~he x-ray energy emitted from
the R.FQ and then use this data to determine what the intervane
voltage was. The results, taken as a whole, indicate that we tend
to operate with intervane voltages that are about 10% above the
design value (44 kV). However, higher intemne voltages tend
to give slightly higher values of output cument. In the end the
o~rating value chosen will be Atrade off between the highest
fields obtainable vs. the minimum number of cavity arcdowns.
The primary problem with arcdowns for this experiment is the
loss of data, With a total mission time of only about 300 s, a
few seconds of arcing imply a loss of a significant fraction of
the total number of beam pulses available.

Ano[her rf power related problem on the BEAR experiment
is the amount of beam power required. The beam should
require approximately 1 kW for every mA of current. We have
consistently found however that we need about 50% more beam
power than that estimated from the amount of output current.
For example, if the output current is 20 m.Aand we are running
at the field level in the RFQ which requires about 70-kW of
copper power, we find that the total power going into the RFQ
is on the order of 100 kW instead of the 90 kW which might be
expected. With 120 kW of available power this has not been a
problem, but it was unexpected in the initial stages of the
project, We believe this phenomenon is due to imperfect
matching of the input beam to the RFQ, which arises because
[he pernmnen[ magnet matching section allows only very
limited adjustment, Some of the betim that enters the RFQ is
partittlly uccelcrtited &fore being lost to the structure walls,
This beam tibsorbs power but does not exit the RFQ,
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Figure 1. Block Diagram of tie BEAR RF SysEm

Figure 2. Digitized fo~ard and reflected powex from one amplifwr, ‘he
sampling time is eve~ 5w. When compared m Figure 4, most of the fmcr
deuulsof k signal we bsL

Figure 3. Digitized uumpleof the RFQ fields. When compared to Figure 5,
mosl of the freer delads of lhe signals arc ~osL

Figure 4. Fomwrd and refltxled power signals from one of lhe high powez
ampliners oblaintxl on an oscilloscope.

Figure 5. RFQ field sampie obtained on an osci.lloscop. Beam out of the
RFQis-12mA.

Figure 6. RFQ field -pie obhined on an oscillmcow. The si nal was
obtained with no beam entering k RFQ. Note the large ovA mt and
ringing due m tie reducedphasdgain margins in the conwol sywem.
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Digitized RFQ Fieid Sample

400

300-

Nominal Level for
200- 1 MeV Accderaton

100-

3
0 20 40 60 80

Time (microsec)



.

Iq+--+

— 300 mV

L



IP
10 ps ++

------

— 2S0 mV

/’
,/

..f,


