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1. Introduction

EEEMEER 2 &% RETT 5B, ZREXREO RKER OfE i KilpatrickD L E IR 5+
(ef. D)X B E L TEDMEL W) TRE S NEFEHNS v, Kilpatrick id BE DEFRK
Wiz & ) BREED SHRE S B EFDEAA F ~ D multipactering 12 & DEME &5 1
Thbreak down 4 LB EE 2 720

SREED b DERBH & 3 B ERI(A/mM)IX

IaCEzexp(-kI/E) , E;electric field K:const.

BREBEREETEAAVOIRVF—ICLHBIL TS, (ref.9)

I«W |
L7250 T I WE’exp(-k/E) &% %,
BEXDL—FBEHRICLULETELE L LT, COBEFEIIK, 2EHLELT
K, =WE’exp(-k/E) (1)
LEED, K LK, RERF— I ERE2HTHODTRDOLN TV S,
k,=1.7x10° (volt/cm),
k,=1.8x10"
(REDIHE)
BT HV*EEAL LWV & V/V* DR
' W/V =@2/m)VIV*  (2)
V;ERICEIINY 5 EE(voly),
WA *+ v OEET R XA EE T AV F—

# (1) WRAT 3. (gapspacing PREHDLERZTXTVFDFICA> TV, )

iR (ref.2,3) |

f=1.643x10*E%xp(-0.085/E) o A3)

Hf7ix, f(MHz), EMV/cm) Tb 5,

EAKEWVE &

E(MV/m)= 25 [ f(GHz) 1" 4)
THEE D, (ref4d)
(EHRDBE)
W/E=g &) RREP5
gE3exp(-k1/E)=k2 ®)

Thb, COFEW=VTHb,



2. Meaning of V *

1 M DOFATFREBRR AP ESRE 2T 2. BIRKA A+ U PFETELEDA
VR ECHEOSNTEAMESH2T% ) 4 F VIBIRICEOH» S LEXEDI L 2 KEFHF
B E NG, o THEDHMEE L B, ENXEHTL &) L1 2082 5
b9 1 0DBIRKEE T A VDFETS L) LHRRICes L, FEAMABC2RETE
BT B, L THRKBMICEBELLEEFEICL Y AN IHET 5,

DT, BB E=Esinot, EEEMg(cm). 14 VEEMEke). 14 Eife Wit
x=0 & x=g ICH B & LT ref.7&8 if > TLEEOHKBH A LB LB OFELZED T (,

EEHENI,

m d’/dt’ = eE, sin ot (6)

Thb, 14 VHx=0 2BNDEDRF D% ¢ T 5. EILEA =00 THBIKZ 8

N, ZOSVOPEEL dx/dt=0& F 5,

CONPEBETORBEREIGA 4V HMMFOBIRDOAE x=g ICHETLRHMEH
At=2n-D/e (B 5 BEEZ) t=Cn-D/o+d/o )il 5B TH 5,

6) 2 1 EETY %o
m dx/dt = -(¢E,/w) cos wt + A
t=0/00 D & & dx/di=0 72 D T A=(eE, cos ¢ Jw o #€> T
m dx/dt = (eE, /) ( cos ¢ — cos @t ) )

BERES TS, FLTE=00NEE x=0%NDT
m x = (eE,/w) ( (t-¢/w)cos ¢ + (1/w )( sinp—sin wt ) ) 8)

(7) WTHEBEME =Qn-Dvotd/o ZUAT S & x=d TA + ¥ DEEEP i
P, _,=mdx/dt,=2eE,cos¢ . (9)

BRI (8)IC LB LY =Cn-Dno+d/o, x=d ZXAT 2 &
m d = (eE,/w’) ( (2n-1)mcos ¢ + 2sin ) . (10)

BEIANF—ZFWLETEHLE, WM ICORMEFT 5, Blb
W= P%(2m) = ( 2¢’E,/m®") cos’} (11)

Thb,

o WRETAHIBRIZLLITOHED o

a). t=¢/@ T dx/d*>0. #IZ O<d<r o

b). t=2n-)m/w+p/w T dx/dt >0. BI-1/2<p<w/2 o

BE o TO<d<n/2 £ 7% 5o



(10) K E=Vy/g2RAL V, KT 2R CEZET,
V, = m(gw)’ 1 (12)
e (2n-1)rt cos ¢ + 2 sin ¢

AD & VBB A VF—FKIZ ¢=0 DKT
W_, =2¢’E//mw’ (13)

b, CORBROEMEEIZ(12)L Y,
V,=m(gw)> _ 1 (14)
e 2n-Dr
1HRT n=1. 2224 F Y IFFF DA % Kilpatrick V& L THEHL 7,
72720 w=2nc/A=c&(c : J#E) &L T
V*= mc® (g/A) (15)

c (L

()
(12)% 6 2B L TS L TRIEZ KD 2 & HBEH & A 72T V,OR/MEDST 5,
dv,/d¢ = - m(gw)* (=@n-Drsind+2cos¢) =0.0
e ((2n-1) cos ¢ + 2 sin ¢ )’ (16)

;N

cot¢= 2n-Dw2  (BlHn=1 DFF =32 deg. )
THb, HoT. (12) o= cot™@n-1n2 ZRAT %,

Vi(min)= m(gw)” (17)

e( (2n-1)°n* + 4)'? ‘

A#ica2)io=n2 #RATE T LI L W EKEDGKRE 2, 2F D

Vymax)= m (g0)’ (18)

e 2

OB, BIRICEIEL-A A VDOEBEZAVF—Z0TH 5,
multipactering (X ENINEE AV (min) & V(max) DEHNRD & S4E L %,

3. The relation between W/V and V/V*

W RVETEERRDL

W__=2¢’E//ma’ = 2"V, /(mw’g?) (Jule)
=2e V/ (mg’®?) (eV)
= (2/m) Vo (Vo/V¥)
4 A W_. / V&= /1) (Vo /V*) (19)

(19)7% Kilpatrick8& 3 @ Fig. 30 B BRI IET 2. AEEE T 22, ENME
FEV#E EIF2 EDCEMICIET & WVFIZ 1 IGED <, ZDRF o XBRE (%5,



4. Kilpatrick limit

AF VL LTHBTFEZER S,
V*¥= mc® (g/X) = mc® 4n’(fg)’
(& " [} 7t02
= 938.3x10%4rn_(fg)’
(2.998x10%)°

N
V*=1.31x10"" g* > (BALiE volt, gicm, f:Hz) (20)
Eg=V, £ (20)% (1NITAAL TEHEYT 5 &
W__=4.85x10°E*/f eV) (21)

Q1) % (. WEexp(k/E)=k, (k=1.7x10’volt/cm, k;=1.8x10"")
DFIZRATHRIE f(MHz)=1.64x10"E’exp(-0.085/E) (E:MV/cm)»*K % %,

5. Recent data

SLAC TillsE & 1172S,C K& U X-band cavities ( disk-loaded type )? Peak break down surface
field O FEEEARFHE (ref.5)13
E(MV/m)= 195 [ f(GHz) ]'"* (22)
ThHFiglERL) o HxHEIR (2) XD4ETH 5,

X & |ZITEP(ref. 6) 12 & ) BRI R UTFI R D BB % b H v 7z sparking limit D BIEHN & 5o
(f=6.25MHz,10°-10% Pa) 2 DM BIRER D55 R 1 Kilpatrick DFEFR & & (—HLEFAD
KEAREBECTHRHRERRAIZTV, L2LEZEOBETOFy vy THBRIFLVEIEHEER
FEREASLTwB, (Fig2)

BEVPEFECELS oA, BEEVNLEEFOERBREFFH VT %,
Fowler-Nordheim 723, (ref.5)iC&if GVm DA — ¥ —THEIWL % 5, (Fig3)

REDWEEH lem (300 GH2)LC % % L EEBIC & 2 REMNZL (ref. 5)IT & ) EFH°H
T< %, (Fig.4)

(Z%3CHR)
ref.1 W.D Kilpatrick , Rev. Sci. Inst. 28 (1957) 824
ref.2 S.W.Williams, et al. '79 LINAC conf. 144
ref.3 S.W.Williams, et al. IEEE Trans. Nucl. Sci. 28 (1981) 2967
ref.4 P.B.Wilson, SLAC-PUB-3674 (1985) 18
ref.5 G.A.Loew, SLAC-PUB-4647 (1988)2



ref.6 A.V.Bodylev et al. ITEP 156-88

ref.7 A.J Davis MPS/Int. LIN 69-13 ( 1969)
ref.8 S.Hunphries Jr. "Principles of Charged Particle acceleration” (1986) John Wily & Sons

ref.9 H.C.Bourme et al. Phys. Rev. 92 (1953) 847

Table# Experimentally obtained gradlients.

*For critical coupling in the case of standlng-wave structures.

1Preliminary results.

3 Assuming SLAC structure, working in the traveling-wave mode, in w}uch E,/E.« = 2 17.

S-band C-band X-band

Disk-loaded WIith nose cone Disk-loaded

(27 /3-mode) (x-mode) Half-cavity | Hall-cavity (2x/3-mode)
Frequency, / (MHz) 2856 © 2858 4008 | (o303 11424
Total length (cm) 24.5 10.5 1507 806 26.25
Filling time' (us) 0.77 1.0 0.172 0.082 0.028
Pulse length (us) 1.6-2.5 1.5-2.5 3.5 3.8 0.025!
| Peak power input (MW) ~ 47 ~ 10 0.8 1.2 200!
Peak surface field, B, (MV/m) 312 @ 445 (5@ 305!
Corresponding traveling-wave acctlerating field! 144 157 205 267 140!
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-Eig—5> Peak breakdown surface fields measured

as a function of [requency.
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VOLUME 28, NUMBER 10

THE REVIE\V OF SCIENTIFIC INSTRUMENTS

Criterion for Vacuum Sparking De

OCTOBER, 1957

signed to Include Both rf and dc*

: : .- ) W. D. KmpATRICK
T ’ .. "Radiation Laboratory, Universily of California, Berkeley, California
o (Received May 31, 1957)

An empirical relation is presented that describes a

boundary between no vacuum sparking and possible

vacuum sparking. Metal electrodes and rf or dc voltages are used. The criterion applies to a range of surface
gradient, voltage, gap, and frequency that extends over several orders of magnitude. Current due to field
emission is considered necessary for sparking, but—in addition—energetic ions are required to initiate a

cascade process that increases the emitted currents to

the point of sparking.

SPA.RKING is defined, for the purposes of this
paper, as an abrupt major. dissipation of stored
electrical energy across a gap between two metal
electrodes. Vacuum is to be considered in terms of a
gaseous mean free collision path that is greater than the
electrode-gap spacing ; Paschen’s rule relating electrical
breakdown to gap and pressure is not applicable. The
proposed criterion concerns “practical” vacuums of
1072 to 10~" mm Hg pressure, and metal electrodes that
are not especially prepared, and does not include the
presence of external magnetic fields. Under these cir-
cumstances, vacuum sparking generally occurs at much
lower voltages than would be expected if field emission ,

were the mechanism for initiation.

A concentrated effort was focused on vacuum spark-
ing at 200 Mc, from which the following principal
conclusions emerged!: .

(a) At 200 Mc, no vacuum sparks occur below a
threshold electrode-surface gradient.

(b) An inherent total (finite) number of vacuum
sparks is characteristic of a particular electrode-surface
gradient. As the gradient is increassd, the inherent
total becomes larger rapidly, apparently exponentially
—the exponential coefficient determines the rate of
“cleanup” or the “cleanliness” of the electrode surfaces.
Therefore a conditioning process can apparently elevate
the threshold. :

(c) Different electrode metals—Pb, Cu, Al, Au, Mo,
Rh, and C—have similar thresholds with only minor
variations. However, if there are small traces of oil on
the electrodes, the exponential coefficient is very large,
and a deluge of sparks occurs above the threshold.

(d) The maximum energy of an ion incident on an

electrode is severely limited by the applied frequency—

107 — T T = T T T 5

'O. ———— e e — - —— e c—p— ———— ¢

10° - — _
R - Fic. 1. W is the
5 10 e —— maximum ion energy
54 at the cathode, in
5 electron volts. For
N | I PossieLe ) dc, W corresponds to
E = — SRARK=REGION / 1 the applied voltage,
u and W/E is the gap
< spacing for plane

107+ ] parallel fields. For
B N e aranX rf, W is a function of

frequency and gap
) (see text).
o' - i
< 1.8x10'"
10° N
!
Ic—l 1 1 1 | 1 1 1
10-* 10-¢ [o** 10-¢ 1o~3 10-* 1073 107t o™t 10° 10! 107 10°

W/E  (CENTIMETERS)

* This work was done under the auspices of the U. S. Atomic Energy Commission.
'W. D. Kilpatrick, “Sparking and x-rays in a mercury-pumped vacuum system,”” UCRL-1907 (August, 1952).
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CRITERION FOR SPARKING - 825

this effect was later used to separate gradient and volt-
age effects.

A criterion was constructed that utilized several
investigators’ experiences, data, and theories.~® Con-
sider the probability of field-emitted electrons,® together
with a linear dependence of secondary-electron emission

Aipon-ion-energy-LThen there follows

W[ E exp(—Ki1/E) ]=K,,
where W is the maximum possible ionic energy (dc or
rf) in electron volts, and E is the electric cathode
gradient. K was established as 1.7)X10% volts per cm,
and K as 1.8X10". This criterion includes rf, dc, and
pulsed dc, and specifies an upper limit for no vacuum
sparking. The above relationship of W~ E is presented
graphically as Fig. 1 and Fig. 2. 3

If is difficult to compare this result with those of
other investigators in the vacuum spark field, because
of the consideration here of the existence of a threshold
rather than of the degree or probability of sparking.
However, pertinent dc data are available from Kisliuk®
and Beams,’ and from check points by the author.?

107 T T T T T
L] -
10 o
14 MC\e @
POSSIBLE i
103 . SPARK REGION
oc
e 200 Mc
n
0T
5 04 o -
)
s
3
2856 M(
& s N
€ 10
o
w
-
@ NO-SPARK
k= it REGION
E3
oc
10 -
. _1Tx210°
WE® o T E . 1.8 x lof‘
109 -
L
P-DC
1o 1 1 \ 1 L
102 103 104 10° 10¢ 107 108

E  (vOLTS 7 CM)

F16. 2. W plotted against E, the cathode gradient. For dc, W
corresponds to the applied voltage; for rf, W is a function of
fequency and gap.
—_—

*L. Cranberg, J. Appl. Phys. 23, 518 (1952).
. P. Dyke and J. K. Trolan, Phys. Rev. 89, 799 (1953).
(1@5)(;' Trump and R. J. Van de Graaff, J. Appl. Phys. 18, 327
7).
‘L. Tonks, Phys. Rev. 48, 562 (1935).
¢A. Sommerfeld and H. Bethe, Handbuch der Physik, A.

1.0

w/v

o 1 |
o 2 3 4
v/v*

F16. 3. Graph for ion transit-time correction. For plane parallel
fields, V*= (g/A)*Mc*/rq. For computing the maximum cathode
ion energy, where V- E is not =0, the calculation of ¥ or V*is
without reference. e

* For pulsed dc, data by Dyke and Trolan! can be
interpreted as a combination of cathodic evaporation
(equivalent to energy transfer by ionic bombardment)

and field gradient, where both are required to produce
vacuum sparks

(_ lonic energy must include transit-time and phasing

effects. Figure 3 is included for estimating W when
voltages V of frequency f are applied to gap g. The
quantity V* is introduced for dimensionless units of
applied voltage ¥ and is defined as 05979 Gor

V*= (o/n) (b ocf /)
where A=N\/27, \(=¢/f) is the'propagation wavelength

in free space, and ¢ is the elementa charge of a particle

with Moc? rest energy inelectron volt (M specified
throughout as the mass of(ato hydfogen).”? Thresh-
old vacuum sparking data—for rf are available from
Panofsky,”® Chupp 'and Heard,* and Kilpatrick.!.Con-

1 W. P. Dyke and J. K. Trolan, Phys. Rev. 89, 799 (1953).

1 For derivation of a similar equation for electron transit-time
multipactor, see Mullett, Clay, and Hadden, “Multipactor Effects
in Linear Accelerators and Other Evacuated RF Systems; and a
New Cold Cathode Valve,” Atomic Energy Research Establish-
ment (AERE GP/R 1076, H.D. 983) Harwell (1953).

Smekal, editor, 24, No. 2 (Springer-Verlag, Berlin, 1943), p. 440. ¥'W. K. H. Panofsky (private communication, concerning
ourne, McCloud, and Trump, Phys. Rev. 92, 847 {11953). sparking at 200 Mc with details in UCRL-2321, 11, September,
’ - Kisliuk, J. Appl- Phys-25; 897 (1953). 1953).

~J. W. Beams, Phys. Rev. 44, 803 (1933).
"“'W. D. Kilpatrick, “Criterion for vacuum sparking designed
to include both rf and dc,” UCRL-2321 (September, 1953).

“W. W. Chupp and H. G. Heard, “Spark damage and high-
voltage breakdown of metals in vacuum at 14 megacycles,”
UCRL-1962, Jan., 1954.
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826 3 W. D. KILPATRICK

sistent with the sparking criterion and V/V*< 1y the

or by dissipating gas-generating impurities from the

Jgs_as the squar

frequency. - _ .
e vacuum spark described here possesses many
properties similar to those of a conventional gas dis-
charge between metal electrodes, but the generated gas
has a transient pressure as well as a spatial distribution

during the spark onset. It is als possible to raise the

electrode surfaces.
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threshold slightly above the criterion level by outgassing  these results possible. ’~
i
ki f
THE REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 28, NUMBER 10 OCTOBER, 1957 {
. . . (

Method for the Generation of Very Fast Light Pulses : {)

M. Garsuny, T. P. VocL, AnD J. R. HANSEN
Westinghouse Research Laboralories, Piltsburgh 35, Pennsylvania

(Received May 31, 1957; and in final form, July 22, 1957)

A method is described in which a visible or infrared light beam is repeatedly reflected between a rotating
and stationary mirror system. The resulting sweep speed is proportional to the number of such reflections. s
Light pulses of 4X107% sec duration were measured. A considerable increase in the sweep speed appears N
feasible. Various applications of the system are mentioned.

LIGHT chopping devices using rotating mirrors to
measure the lifetime of excited states or the
transient response of detectors are applicable to a wide
range of radiation wavelengths. The minimum achiev-
able light pulse width is, however, limited to several
tenths of a microsecond for systems of moderate
complexity. Pulse widths as small as 10~° sec have been
attained, albeit with a system requiring air turbine

- drive, shaping slit widths of 0.02 mm, and a flash lamp

source with resulting limitations to duty cycle and
spectral range.! There still exists, therefore, a need for
a simple method of generating fast pulses of light in a
wide range of the spectrum. The following system yields,
for given conditions of rotary speed and slit definition,
considerably narrower pulse widths. :

The method consists of surrounding a rotating
multisided mirror by a set of stationary mirrors (see
Fig. 1). This assembly is so adjusted that the collimated
light from the source is repeatedly reflected between the
central and the stationary mirror planes. Each face of
the mirror rotating with angular velocity w adds 2w
to the rotational speed of the emerging light beam. If
é is the linear extent of an intensity distribution in the
image field, the corresponding sweep time 7 of the light
pulse is then given by

r=58/2NVwR (1)

where 1V is the number of faces on the rotating mirror
and R its distance from the image. In addition to the
internally reflected beam, one obtains also, at inter-
mediate mirror positions, a singly reflected beam. These

two images can, however, be separated by inclining

! Cladis, Jones, and Wickersheim, Rev. Sci. Instr. 27, 83 (1956).

the last stationary mirror somewhat so that the beams t
sweep in different planes. 4

The hexagonal arrangement shown in Fig. 1 was
used to measure the very short time constants for the
rise and decay of certain photoconductive processes
such as occur with gold-doped germanium in response %
to radiation between 2 and 9 . Application of the
system to the infrared has, of course, the advantage
that intensity losses amount to only a few percent, even [

Adjustment

Rolating Hexagonal
Mirror
Stationary Mirrors LR
\ 2
/ S>e Rodiation Source ‘)

&z /m

. Dpulse Receiver

Fic. 1. Scheme for the generation of very fast light pulses.




2+l ... 420 MHz.
£ acce]erator design where hlgh flelds .are a.concern.

IEEE Transacuons on Nuclcar Scxcnc: Vol NS 28 No 3 A June 1981

VOLTAGE BREAKDONN IN A 420 MHZ RFQ STRUCTURE

N w1111ams,** R.F. DePaula,

‘D.-R. Keffe]er, and G R. Rodenz

Los Alamos Nat1ona1 Laboratory, Los Alamos, New Mexico 87545 .

: Des1gns for Rad1o Frequency Quadrupo]e (RFQ) o

-"accelerators of reasonable length require operatlon
with surface fields above the thresho]d of :

- Kilpatrick's Sparking Criterion.!” A cavity was

" .designed using SUPERFISH to test the validity of this
criterion and to determine operating limits for the
Los Alamos Proof-of-Principle (POP) RFQ. The testing
was done near 420 MHz, with varying qualities of -
surface finish on the electrodes. The experimental

. set-up and procedure are described, as are the data
and results. A method of callbratlng the test is ~
presented. j R

1ntroduct1on

: - The experimental series known as the Sparklng
. Test has been completed. ~The usefulness of this test

" relates to the focusing-gradient selection and

voltage-breakdown safety factors for RFQ designs near
The data also are applicable to general

An RFQ s expected performance is strongly ’ :
,dependent on the maximum. surface field chosen for its
design.
. levels consistent with avoiding voltage breakdown.

. As the operating field 1ncreases, the radial accept-
ance, the rate of energy gain, and the current-
carrying capacity.are all increased.? . Higher

. surface fields also allow for shorter accelerator 5
des1gns .

The series comprised three tests. In the first,
the high-voltage electrode finish was a machined -
surface hand-polished with 320-grit aluminum oxide
paper. These electrodes were chemically polished to
remove a mil of the surface for the second test. For
the third measurement, these electrodes had about a
mil of copper e]ectrop]ated onto the surface. In
each case, measurements were made to determine the
" surface rms microfinish and the breakdown f1e1ds at
420 MHz. .

Background.InformationA

For this work, sparking is deflned as an abrupt
change in the dissipation of energy stored as elec-
tric field across a gap between electrodes. The field
magnitude required to initiate sparking depends on the
electrode geometry, RF frequency, vacuum properties,
and the nature 'and condition of the electrode sur-
faces. For gradients less than 10 MV/cm, the elec-
tron current caused by field emission is small.
Field-emitted electrons in the gap, however, accel-
erate to strike the cathode, causing the emission of
neutral gas atoms and electrons from that surface.

*Work performed under the auspices of the US
Department of Energy.

**Westinghouse-Hanford Englneerlng Deve]opment
_Laboratory Employee -
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'; grad1ent ﬂ~ ; - A

[t is important to select the highest field ;l '

“.The result is a localized expanding volume of .3
“increasing gas pressure, ionizatjon within this =
~volume, increased emission from back-bombardment

more gas, more ions, "and so on.. Such a cascade» .

" process may result in spark format1on, cau51ng “an
© abrupt change in the stored energy to occur.

Kilpatrick's Sparklng Criterion def1nes the
frequency for wh1ch spark1ng may occur at a given

:54'x~io4 EZ‘éiO:QBS/F;r
wher, i e B

frequency in MHz ;
grad1ent in MV/cm ’ ;.; T

S M o—n
nou

Thus, at 420 MHz, sparklng 1s pred1cted at 19.7 MV/m

1 The cond1t10ns for whlch this Crlter1on app11es are_

. 51ngle—gap spark1ng 2 R
* ' no effects 1nv01v1ng the quant1ty of stora
- - .energy .- .-
.. vacuums of 10 3 to ]0 7 mm mercury aﬁm
~+ - metal electrodes not spec1a11y prepared
..:% ., ne external magnetic f1e1ds :

The usefu]ness of thls re]at1on is that 1t determ1nw

a threshoTd below which no sparking should be obsmgé
during, or prior to, conditioning of the electrodes.:

.This lower limit may be raised by procedures such u

outgass1ng, e]ectrode preparat1on or spark cleanup;

The’ work presented here d1ffered from - ey
Kilpatrick's test in several respects. First, the"”
RFQ configuration had not one gap but four, as showl
in Fig. 1. Second, the magnetic field component n€d
the electrode tips was nonzero, although small. &%
Third, the metal electrodes were prepared to max1m1u
the f1e1d stand-off. Thus, the results were not ;§>
directly correlative to Kilpatrick's. Rather, 3%
Kilpatrick's was used as the unit of measure for au
test that employed a special geometry and nonexotlc’
but modern vacuum and fabr1catlon techn1que B

'?#1

2
-3
CE

R SIRENR Y HEUEN A TIEN hY

g,

Fige ) Sparking cavity configuration.
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