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Recent experiments with intense linear electron beams have produced ions arith ener-
gies exceeding the beam kinetic energy. %'e present a localized beam-pinch Inodel ex-
plaining the phenomena.

Intex est in linear electron-beam, collective-
field acceleration concepts has been renewed in
the past year by the observations of Graybill and
Uglum' and Bander et al." These investigators
have obtained pxotons and deutexons up to 5 MeV
in energy using 250-keV to I-M87 electron
beams with curx'ents in the 50-kA range over a
50-cm drift-chamber length. Minimum average
accelerating fields of 10' V/cm have thus been
expex i.mentally verified. The experiments have
QRtux'Rlly genel ated speculRtloQ about the QRtux'8

of the accelerating mechanism and the scaling
of loQ enex'gles with beam Rnd drift-chamber pR-
rameters. Wachtel and Eastlund have suggested
the Veksler "inverse Cherenkov" effect, while
Rostokel Rnd, independently~ Uglumq McNelllq
and Graybill' have proposed accelerated space-
charge potential-well models. We propose a
diffex ent mechanism, the localized pinch model, '
whose predictions agree with pxesently establish-
ed feRtux'es of the experimental datR.

In the experiments an electron beam is injected
through a thin metallic entrance (anode) window
into a right cyli.ndrical conducting drift chamber
with a small hole in the center at the downstream
end. The beam and ions pass through the hole
into a. magnetic field where the beam and ions
are separated; tl e lons are then diag osed using
time-of -flight, magnetic-spectroscopy, and nu-
cleax'-emulsion techniques. . Vax'ious neutral
gases at pressures from 10 to 300 p, m are ion-
ized by the beam. The salient features of the
experimental data'"' are these:

(1) The peak ion energies are proportional to
Z, the ion charge number, as would be the case
if ions were accelerated by a stationary electro-
static field. The particle energy per unit charge
is px'oportional to I, where I is the beam cur-
rent. The experimental uncertainties allow a
current dependence from I'~' to I'~'.

(2) The ion energy is nearly independent of
filling gas pressure over a range of- a factor of
6 in px'essure.

(3) The ion pulses are formed and accelerated

ion charge density
electron charge density '

becomes greater that 1/y'= I-P,', where y is
the electron energy E/rl, c'.~ The condition for
radial force neutralization and the onset of beam
pinching is f, -1/y'.

(4) The proton energy spread (full width at half-
maximum) is &20%, the limit of the spectrome-
ter resolution.

(5) The total number of accelerated ions per
ion pulse is in the range of IO" to 10' particles.

(6) Multiple ion pulses have been reported by
RRndex' et Rl.

In the localized pinch model (I PM), a moving
"slug" of ions always sees roughly the same ac-
celerating field. By a slug of ions, we mean a
localized enhancement in the ion density created
near the anode window when the beam starts to
pinch appreciably. It turns out that with the ex-
perimental beam parameters, the pinching can
occux' so rapidly that nonadiabatic beam-envelope
collapse conditions are realized; i.e., the pinch-
Xng occux's ovex' d1stRnces of R few beam radii.
It is the very presence of the high ion-density
region which shorts out the radial electric (space-
charge) field, allows pinching, and generates
ion accelerating fields. We are thus considering
a self-synchronized accelerating process. To
undexstand how this works in more detail, con-
sider the diagram in Fig. l.

In oux' idealized model w'8 assume a zex'o 11se
length of the ion-density inhomogeneity, a con-
stant beam current, P~,. «P~, where p~c is the av-
erage longitudinal velocity of the beam electrons,
and that P~,. is approximately constant over times
e/P~;e. Moreover, we assume that the chamber
end plates are "far away, " that the background
ion charge per unit length is constant, and that
the beam and background ions ax'e in equilibrium
upstream from region 1 at ao. The ion and elec-
tron charge densities are taken uniform in ra-
dius out to the envelopes.
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When the ion envelope radius is constant =a, in region I, the beam envelope equation can be written as
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where v= I/—p~IO with I0=17kA, f, =lIIc/(X, ~, y~=(1-p~') '~', and C, is a constant proportional to the
electron beam emittance. " The field E, along the beam axis (I = 0) resulting from envelope motion is
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This field is always in the direction of electron flow during the beam envelope contraction, in contrast
to the case of an external-field —driven pinch collapse with Ohmic current. Equation (1) can be reduced
to quadrature, but for our purposes we merely estimate a turning length for the beam envelope u...
glvlng

1/2

&OPI,

Equation (3) ulldel estimates tile collRPse velocity
since we have assumed a constant ion-envelope
radius. The maximum collapse velocity would

obtain if a,.=a, in region 1."
Typical experimental parameters of v/y = 1,

a, =1 cm, y —-3, and p~=0.91 give E, =7x10'
V/cm if f, '= 1/y' and bA,./(X, ~

= 1/y'. " In this
case, the electrons would lose all of their kinet-
ic energy over a distance of the order of the
beam I'Rdius. Our Rssunlptloll tllRt 8 pl /BQI = 0~

0 &u; &M,.„is violated. This example leads us
to the concept of a "stxong-inductance dominated"

plIlcll collRpse. Gejlel'Rlly speRklIlg lf v/p « 1
the pinch is slow and u, , »ao, whereas, if v/y- I, the pinch is strong-inductance dominated;

e' i

FIG. 1. The ion acceleration model. pi &
=longitudi-

nal P of lou slug= v~. /c; & =length of moving iou
slug of region 1; 18 =electron beam charge per unit

length &.0 =background iou charge per unit length.

~; =increment in ion charge per unit length in region
1; ao =ion and electron radius upstream from region 1;
Q~ =beaDl-envelope radius ln region 1» gg =ion-enve
lope radius in region 1; B6= beam magnetic field; E„
= radial electl lc field~ E8 =longitudinal (z-directed)
electric field~ I R = radius of outer conducting pipe Q ~

=z-PI;ct =distance from upstream head of ion slug in
the stationarg fraD18 of the lons

i.e., the magnetically driven beam collapse is
so fast that the "IdI./dt" longitudinal electric
field" degrades the electron kinetic energy over
distances of the order of the beam radius. Then

~, increases with u,. and the current, drops as
electrons are lost radially, thus retarding fur-
ther pinching. ' This condition is a *'saturation"
condition in that further increases in hX; do not
appx'eciably increase E, . The maximum F.,
field value for a given current is E,'" (V/cm)
= 60I/a, with I in amperes, obtained by taking
Ba,/8 t = c = velocity of light. In the example,
E "' = 3 x 10' V/cm.

OGr idealized Dlodel assumed that tI1e rise
length of the ion density inhomogeneity, l, , w'as

zero, but, of course, any laboratory ion pulse
would have a finite rise length. Nonadiabaticity
requires I, &a, when v/y - 1. We now develop a
sufficient criterion for formation of a nonadia-
batic collapse. Near the anode window the longi-
tudinal electrostatic field retards the beam front
at injection into the neutral gas until collisional
ionization genex'ates approximate charge neutral-
ity over a time scale 7„." When the beam front
has pa88ed the beginning of the pinch-active
region at s =R/2. 4, where the electrostatic field
is now primarily radial, the beam starts to
pinch as f, exceeds 1/y'. A nonadiabatic condi-
tion is generated if the pinching is fast enough
so that

Bj; „/8 &Bp; „/Bt,

whexe j,-,„ is the z component of the ion current
due to the E, pinching field, and Bp;,„/Bt is due

to collisional ionization. Then pinching near the
beglnnlng of tI1e pinch-active region 18 retarded~



Vox.UMz 25, NUMszR 16 PHYSI C A L R E V I E%' I.KIT K R S 19 OcYoszR 1970

but immediately downstream it i.s enhanced be-
cause the ion background growth rate is increased;
ln othex' wordsq this px'ocess steepeQs the glR-
dient of bk, . If we estimate Bj;,„/Bz using E,
from the beam radial contraction at constant cur-
rent [E,~ (I/a, )(da, /dt)] over the time interval
from f, =f, ' to f,=l, Eq. (4) gives

! fy Ky I)-'~'/p, ](~„/~„)(m,/Zm, )
'" (5)

ln(a, /a, )

for go in centimeters Rnd v„ in nRnoseconds,
where m, /m~ is the ratio of the ion to proton
mass, and a, is the beam radius for f,=l. If the
contraction is adiabatic, In(a, /a, ) = —,

' in[1+ C;m;/
ZC, ymo], with C,. the background ion emittance.
Equation (5) gives v„&42 nsec for ion bunching
in hydrogen using the maximum v= 2.8 of Gray-
bill and Uglum, a, = 1 cm, p~ = p„and ln(ao/a, )
= I, a reasonable agreement with their upper
pressure cutoff where 7„=36nsec. "

Growth of AX, will continue until p~, »p~;0,
where p~„refers to the velocity attained by back-
ground ions accelerated by E, over a time e/
P~,.c, or until the ion supply upstream is deplet-
ed, whichever occurs first. In our discussion,
we have tacitly assumed that the background
ions had zero net accelexation as the pulse
passed. This is only true when slightly upstream
from region 1, the contribution to F., from the
variation of the ion charge per unit length (op-
positely directed to the beam collapse field) is
strong enough to completely decelerate the back-
ground ions. While the ion pulse is growing near
the anode, a net ion current, I;,„, flows behind
the pulse proper requiring an ion supply to main-
tain the current. When the supply is depleted an
electxostatic well is re-established near the
anode, which degrades the electron kinetic ener-
gy and terminates further acceleration of the
pulse. As collisional ionization continues near
the anode, the whole process starts ovex again,
i.e., multiple pulses are formed. If several
charge species are present neax' the anode, the
ions with highest Z/m, . ratio (protons) would be
bunched and accelerated first.

The above arguments imply that the accelera-
tloQ time t~ ls determined by the ion supply
and effective pinching volume; i.e.,

g +t
f,

'" 'I~, „dt- const

for given beam and drift-chambex' parameters.
The ti.me I;, is the time at which a nonadiabatie
collapse is achieved. The condition in turn im-
plies that the acceleration length, I.„„is in-

dependent of Z/m, and that t„,~(m, /Z)'~'. Us-
ing E, = 7 X10' V/cm from our example, the
expeximental ion energies of Ref. 1 correspond
to I.„,=7 cm. The beam-front velocity mea-
surements of Hander et al. '" also indicate that
the acceleration occurs over a region of the or-
der of a few centimeters length near the anode
window.

The important questions of pulse growth times,
stability, and lifetime require a more quantita-
tive analysis; a linear stability investigation of
ion-density inhomogeneities in partially neutrR-
lized beams is in progress. Intuitively, we ar-
gue that radial stability at least requires that the
outward magnetic force on the ions be not greater
than the radially inward electric field force, or

If v/y=l, y=3, and ~x, /~X, ~=f, '=1/y', the ions
are radially stable for P~,. &1. We further note
that in the strong-inductance pi.nch condition
E, (r=0)/E, (r=a,)=1+(2lnR/a, ) ', which im-
plies R small radial varlatlon m E when R /QO

» 1. The longitudinal synchronization or co-
herent acceleration length is limited by the loss
of ions around u,.=0 due to the finite rise length
of E, with u, , which can be much less than go
in the strong-inductance pinch condition where
E, (electrostatic) contributions from BX, /su;
are important.

In summary, the I.PM predicts energetic ion
acceleration to occur after f,= 1/y' if the bunch-
ing criterion of Eq. (5) is satisfied. For given
beam parameters, Eq. (5) implies an upper limit
on the pressure (shortest ~„) and a lower pres-
sure cutoff follows from the requirement that
the time for attainment of f, -1/y must occur
befoxe the beam current starts to drop appreei-
Rbl. The 1OQ energy 18 -ZE~I ~c~q whex'6 E ls
given by Eq. (3) for eE,a, «beam kinetic energy,
and I.„,is argued to be the same- for all ion
species. Since E,~v'~'/P~ for fixed y, the pre-
dicted current dependence falls within the range
obsexved by Graybill and Uglum.
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PI,
' ((i,'+ (v/y) (I f, )] /-(1+ (v/y) .

' L is the effective beam-chamber inductance per
unit length.
' Current-probe data of Ref. 3 suggest a correlation

between the time for attainment of f, -I/y and a dip
in the net drift-chamber current.
' See Ref. 5 for discussion of this point.

Estimating 7'z near the anode is difficult because of
possible electron avalanche effects and the spread in
primary electron velocity.
"J.Rander, Phys. Rev. Lett. 25, 893 (1970).

INTERACTION CROSS SECTION OF THE Q ENHANCEMENT

A. M. Cnops, F. R. Huson, R. I. Louttit, D. J. Miller, and J. S. O'Neall
BxookIIaven National Laboratory, Upton, Nero 7o~k 11973*

and

H. H. Bingham, C. W. Farwell, W. B. Fretter, G. M. Irwin, S. Kahn, and A. Lu
University of California, Berheley, California 94720$

M. Di Corato, K. Moriyasu, and M. Rollier
Istitgto di Pisica and Sezione Istituto Nationale di Fi'scca Nucleate, Milan, Italy

B. Daugeras, D. Fournier, J. Hennessy, and J. J. Veillet
Laboxatoixe de l'Accele~ateu~ Jineai~e, 91 A say, France

C. Bouthet, J. Crussard, and J. Ginestet
Centre d'Etudes Nucleaire de Saclay, 91 Gif sur I'vette, Pr-ance-

(Received 19 August 1970)

We have observed coherent production of K vr+x systems by K beams on nuclei and
have measured the coherent production rate in the Q(1300) region. Using the correspond-
ing hydrogen and deuterium production rates we have calculated 0.@-, the Q -nucleon
total cross section. We find o@- = 20.8"9' o mb at 10 GeV/c and a- ——20.8+8 4 mb at 12.7
GeV/c.

Enhancements in the (&mw)' mass region near
1.3 GeV (Q region) have been reported by several
groups observing interactions of high-energy K'
beams on protons, ' deuterons, 2 and heavier nu-
clei. ' We report here an estimate of vo, the Q

nucleon total cross section. Our method consists
in measuring the rate for coherent production of
Q on nuclei. Then using a model which relates
these results to Q production on protons and

deuterons in terms of Q -nucleon scattering, we
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