RONSI

A MODEL OF ENERGETIC TON PRODUCTION
BY INTENSE ELECTRON BEAMSY*

8l | o PIIR-21-70

by
Sidney D. Putnam

July 1970

Physics International Company
2700 Merced Street
‘San Leandro, California 94577

iy

* . B .- , . .
Submitted to Physical Review Letters

r 1




PIIR-21-70

ABSTRACT

Recent experiments with intense linear electron beams have
produced ions with energies exceeding the kinetic energy of the
beam. A locallzed beam-pinch model explaining the phenomena is
presented in this report.

ii




U

PIIR-21-70 .

Interest in linearwelectron—beam, collective—field accelera-
tion concepts has been renewed in the past year.by the observations
of Graybill and Uglum (Reference 1) and Rander, et al. (References
2 and 3). These investigators have obtained protons and deuterons
up to 5 MeV in eﬁergy using 250-keV to 1-MeV electron beams with
currents in the 50-kA range oveéer a 50-cm-long drift chamber. Mini-
mun average accelerating fields of 105 V/cm have thus been experi-
mentally verified. The experiments have naturally generated
speculation about the nature of the acceleratlng mechanism and the
scaling of ion energies with beam and drift-chamber parameters.
Wachtel and Eastlund (Reference 4) have suggested the Veksler

"inverse Cerenkov" effect, while Rostoker (Reference 5) and, in-
dependently, Uglum, McNeill and Graybill (Reference 6) have.pro—
posed accelerated space-charge potential-welirmodels. We propose
a different mechanism, the localized-pinch model (Reference 7),
whose predictions agree with presently establlshed features of the

experlmental data.

In the experiments, an electron beam is injected through a
thin metallic entrance (anode) window into a rightéconducting
cylindrical 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; the ions

are then diagnosed'using time~of-flight, magnetic-spectroscopy,

and nuclear-emulsion techniques. Various neutral gases at pres-

sures from 10 to 300 microns are ionized by the beam. The salient

features of the experimental data (References 1 to 3) .are:

‘1. The peak ion energles are proporticnal to Z, the ion

charge number, as would be the case if ions were. accelerated by

‘a statlonary electrostatic field. The particle energy/Z_ls pro-

portional to 12,.where I is the beam current. The experimental

uncertainties allow a current dependence from‘I?’/2 to 15/2.
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2. The ion energy is nearly independent of,filling—gas

pressure over a factor-of-six variation in pressure.

3. ‘Theé ion pulses are formed and accelerated after the
fractional electrical neutrallzatlon, '

£z (o _ion charge density > 1 . 2
- electron charge density Y2 - Te

where y is the electron energy/m 02 The condltlon for radlal-
force neutrallzatlon and the onset of beam plnchlng is f ~ l/y
'(Reference 8) ' '

4. The proton—energy ‘spread (FWHM) is less than 20 percent,
the limit of the spectrometer resolutlon.

5. The total number of accelerated ions per 1on pulse is in

the range of: 1012 to lO14 partlcles.

6. Multiple 1on pulses have been- reported by Rander, et al.
(Reference 2).

In the localized—pinch model (LPM),'a moving "slug" of ions

- always sees roughly the same accelerating 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.

With the experimental beam parameters, the pinching can occur so

‘rapidly that nonadlabatlc beam—envelope —collapse conditions are

realized; i.e., the plnchlng occurs over distances of a few beam
radii. It is the presence of the high-ion- density region that
shorts out the radlal electric (space*charge) field, allows pinch-
ing, and generates ion-accelerating fields. We are thus con51der-.

ing a self- synchronlzed accelerating process, whlch is 1llustrated

in Figure 1.
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= Figure 1 The jion-acceleration model
??{»3 = BLi = longitudinal B of ion slug = Vzion/C; e = length of
L moving ion slug of region 1; Ae = electron beam charge/

. o length; Kio = background ion charge/length;'f\)xi =

Py _ increment in ion charge/length in Region 1; a, = ion and

_ . electron radius upstream from Region 1, a, = beam envelope
ﬁ} radius in Region 1; a, = ion envelope radius in Region 1;
Be = beam magnetic field;'Er = radial electric field;

E
Z

of outer conducting pipe; u, = z - BLi ct = distance from

longitudinal (z-directed) electric field; R = radius

i
= _ upstream head of ion slug in the stationary frame of the

Ll : ions.
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In our idealized model we assume a zero rise length of the
ion-density inhomogeneity, a COnStant beam current, gLi << Br,s
?? and that BLi is approximately constant over times e/BLic. _
Moreover, we assume that the chamber end plates are "far away,"
= that the background ion charge/length is constant, and that the
%i beam and background ions are in equilibrium upstream from Region 1
; at radius a,- The ion and electron charge densities are taken
%J uniform in radius out to the envelopes.

o)

_When the ion-envelope radius is constant ~‘ao in Region 1,

the beam-envelope equation can be written as

i 2
o e - 1 -e E - BB + Ce
J Ju 2 8 2 2 m.Y r L-8 P=a a 3
i L e e
(1)
AX a C
~ L 2 £ 9, i e _ _l + 2 ,0 S u. < e
8 2 e fk | a 2 y 2a 8 202a 3 1
Y L e o L e L e
M where .
[ : '
L v = I (amperes)/(B;) 17,000 (amperes)
] £° = a7 a|
L e - i’ e
o)

- ~%
b - _ g 2
N B,c = the average longitudinal velocity of the
» - beam electrons .
. and _
Pl ) .
%E C = a constant proportiocnal to the electron-

beam emittance (Reference 9) .
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,_:5 The Ez field along the beam axis (r = 0) resulting from envelope

motion is

3; . 2Ae Bae
I ' E B eeem e, w1, >0 (2)
z a, aui i

'QJ This field is always in the direction of electron flow during the
) beam-envelope contraction, in COntfast to the case of an external
é} _ field-driven-pinch collapse with ohmic currentf- Equation (1) can

be reduced to quadrature, but for our purposes we merely estimate

EJ a turning length for the beam envelope, uit' giving

il E_ (V/em) =~ 4,4 x 10° (v/v) £t o
g (V/em) 3P \ e |le]
. | | e ()
» - 0 <uy <y

Equation (3) underestimates the collapse veloCity since we have

assumed a constant ion-envelope radius. The maximum collapse

%i ~velocity would obtain if a;, = a, in Region 1 (Reference 10).

1 | ETYpical éxperimental parameters of v/y ~ 1, a_ =1 cm,

vy = 3, BL = 0.91, give E, ~ 7 x 10° V/em if feo = l/y2 and

- Aki/Llel_% l/y2 (Reference 11). 1In this case, the electrons
would lose all of their kinetic energy over a distance of the
order of the beam radius. Our assumption that BBL/aui'% 0,

0 < uy < uy is violated. This example leads us to the concept

of a "strong-inductance-dominated" pinch collapse. - Generally

speaking, if V/Y << 1, the pinch is slow and Ui, >> a s whereas,
if v/Y ~ 1, the pinch is strong-inductance dominated; i.e., the
T magnetically driven beam collapse is so fast that the "I dL/dt"
[

iongitudinal electric field (Reference 12) degrades the electron
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kinetic energy over distances of the order of the beém radius.
Then Aé increases with a; and the current drops as electrons are
lost radially, thus retarding further pinching (Reference 13).
This condition is a "saturation" condition in that further in-
creases in Aki do not appreciably increase E_. The maximum E,

sat

field value for a given current is EZ

(V/cm) = 60-I(amper'es)/aO

P~

and is obtained by taking Bae/at = c

example, Eiat =3 x 106 vV/cm.

velocity of light. - In the

Our idealized model assumed the rise length of the ion- -
density inhomogeneity, Ri, was zero, but, of course, any labora-
tory ion pulse would have a finite rise length. Nonadiabaticity
requires that Qi S_ao when'v/Y ~ 1. We now develop a sufficient.
criterion for formation of a nonadiabatic collapse. Near the
anode window, the longitudinal electrostatic field retards the
beam front at injection into the neutral gas until collisional
ionization generates approximate charge neutfality over a time
scale, ™ (Reference 14). When the beam front has passed the
beginning of the "pinch-active" region at z = R/2.4, where the
electrostatic field is now primarily radial, the beam starts to
pinch as fe exceeds l/Yz. A nonadiabatic condition is generated

if the pinching is fast enough so that

90 ,
10n (4)

3t

ajion
Iz
where jion-is the z—component of the ion current due to the EZ
pinching field, and Bpion/Bt ig due to collisional ionization.
Then pinching near the beginning of the pinch-active region is
retarded, bﬁt immediately downstream it is enhanced because the
ion background growth rate is increased; in other words, this .

process steepens the gradient of Aki. If we estimate Bjioh/az
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using E, from the beam radial contraction at constant current

( I da )
E o — _......9..
z ae dt

over the time interval from fe = feO to fe = 1, Equation (4) gives
- | ' 2/3
N \/Y__:“j: y 4 ao ( cm) 1'l.'l:.L . ao . -
V. 2 6 | 5T g~ T (nsed) Zm in {7~ (5)
_ y© -k e N P o 1 . '

where m, /mp is the ratio of the ion-to-proton mass and ay is the

beam radius . for f = 1, If the contraction is adiabatic,

n (ao/al) 1/2 Qn (1 + C m, /ZC ym 1, with C the background ion
emittance. Equation (5) glves TN 2 40 nsec’ for ion bunching in
hydrogen using the maximum v = 3, aj = 1 cm, &n a /a; ~ 1, in good_
agreement with the upper pressure cutoff of Grayblll and Uglum,

TN 36 nsec.

Growth of AA. will continue until BL. >> BL.', where BL.O
refers to the veloc1ty attained by background ions accelerated by E
over a time E/BL c, or until the ion supply upstream is depleted,
whichever occurs first. 1In our discussion, we have tacmtly assumed
that the background ions had zero net acceleration as the pulse
passed. This is only true when the EZ field contribution from the
variatien of the ion charge/length (oppositely directed to the beam
collapse field) is strong enough to completely decelerate the back-
ground‘ibns slightly upstream from Region 1. While the ion pulse is
growing near the anode, a net ion current, Iion’ flows behlnd the
pulse proper, requiring an ion supply to maintain the current.

When the supply is depleted an electrostatic well ie re~established
near the anode, which degrades the kinetic energy of the electrohs

and'terminates_fu:ther acceleration of the pulse. As collisional.
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ionization continues near the anode, the whole process starts
over again, i.e., multiple pulses are formed. If several charge
species are present near the anode, the highest Z/mi ratio ions
(protons) are bunched and accelerated first.

The above arguments'imply that the acceleration time, t '

acc
is determined by the ion supply and effective pinching volume;
i.e.,
acc+tl ' ‘
f Iio dt ~ constant for given
& beam and drlft—chamber
1 parameters.
The time, tl,,is the time at which a nonadiabatic'collapse is

achieved. This condition in turn implies that the acceleration

~length, L is independent of Z/m and that t ace © ym 7 .

acc
Using Ez 7 X 105 V/cm from our example, the experlmental

ion energ;es of Reference 1 correspond to Lacc = 7 cm. The
beam-front-velocity measurements of Rander et al. (Reference 3)
also indicate that the acceleration occurs over a region a few

centimeters long near the anode window.

The important gquestions of pulse growth times, stability, and
lifetime require a more guantitative analysis; a linear-stability
investigation of ion-density inhomogeneities in partially neutral-
ized beams is in progress, Intuitively, we argue that radial
stability at least requires that the outward magnetic force on the

ions is not greater than the radially inward electrlcwfleld force,

or ' : o o
| sLi < [1 - (£.7 + axy/1a ) ]/s
If we take B _ v/y = 1
Yy = 3
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- O
A}\i/‘|}\e| = £ . 1/

the ions are radially stable for BLi £ 1. We further note that

in the strong-inductance-pinch condition,

1

Q

Ez(r =_0)/Ez(r = ao) 1+ (2 2n R/ao)
which implies a small radial variation in E, when R/aO >> 1. The
longitudinal synchronization or coherent acceleration length is
limited by the loss of ions around u, = 0 due to the finite rise
length Qf'Ez with u; which can be << a, in the strong-inductance-

pinch condition where Eé contributions from axe/aui are ilmportant.

In summary, the LPM predicts energetic-~ion acceleration to

occur after f_ = 1/¥%, if the bunching criterion of Equation (5)

,is'satisfied. For given beam parameters, this equation'implies

an upper limit on the pressure (shortest TN) and a lower pressure
cutoff follows from the requirement that the time for attainment
of fe ~ l/Y2 must occur before the beam current starts to drop
appreciably. The ion energy is ¥~ Z EZ Lacc’ where Ez is given by
Equation (3) for eE_ * a_ < peam kinetic energy, and Lj.. is

argued to be the same for all ion species. Since E, « v3/2/ﬁL

for fixed Y, the predicted current dependence falls within the .

range observed by Graybill and Uglum.
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