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PRESSURE DEPENDENCE OF THE PINCHED ' .
ELECTRON BEAM MODE ' o -
by J. Creedon .
SUMMARY

| .The time requiredifor 'etectri'eal breakdown in the bachground' ga'sﬂis'
shown to have the rlght order of magnitude to explaln ‘the pressure dependence
-‘Vof the pinched electron beam mode, Predlctlons made from the breakdown
theory are shown to be in qua.htat1ve agreement with the avallable experlmental

data

I. INTRODUCTION.

The high current electron beams-_(104 - 10.5 amperes), available from the"
Physics International pulsed povrer systems, require some form of space charge
neutralization if they are to be transportéd efficiently. One common way of -
neutralizating the space charge is to introduee a backpround gas in the beam drift
chamber. This gas is ionized by the electron beam and (after the secondary

' e_leetrons escape) provides the necessary poeitive charge for neutralization.

The characterlstlcs of the electron beam depend cr1t1ca11y on the pressure :
‘of thls background gas Flgure 1 (Ref 1) shows plctures of the electron beam :

taken at various cras pressures

One of the'.mo,s.t striking' aspects of the electron beam'shown in Figure t_

"is a sharp change from a pinched to an unplnched mode whlch occurs with.
- 1ncreas1ng pressure in the 0.1 to 0.35 mm range: There is a-con51derable AmoUnT

~of ev1dence which- 1nd1ca1.es that the path of the return current determlnes the

L né.ture of the electron beam Spec1f1cally, if the return current flows outsrde the _' :

electron beam (1n the gas or on the chamber walls) then there w111 be an 1nward'
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B 'magnetlc force a.nd (1f the space charge is neutrallzed) there Wlll be a plnch
(See Ref. 2). If the return current flows back in the gas in the same reglon a.nd

IW1th the same. spatlal dlstrlbutlon as the beam then the net current is zero and :

there is no magnetlc force and therefore no pinch. -

" Figure 2 {(Ref. 3) shows two plctures of the electron beam both taken at

a pressure of 0.1 mm which should have glven a plnched beam. The only dlfferenc_e-
between the experimental setup is that in Flgure 2a the calorlmeter is not .

connected to the drift chamber Walls and in Figure 2b the calorimeter is

connected There is an obv1ous explanatmn for the fact tha,t the beam in Flgure Za
is not plnched while the beam of Figure 2b does pinch. Stopping the electron beam -

in a ca[orlmeter which is unconnected to the chamber walls {(and located cIoser

to the anode than to the chamber walls) forces the return currents to flow
back down the beam in the gas and destroys the pinch. When the calorimeter 18
connected to the chamber walls the return currents flow on the walls and the

pinch is restored.

One explanation for the relation between the gas pressure and the plnchlngf..__.:

behavior of the beam is that the electrical conductivity of the gas 1ncreases sharp_yt:.f'-
with increasing pressure (for some pressure range) and therefore the beam N -
changes from a pinched to an unpmched mode as the pressure is mcreased A
'.prehmlnary' analysis of the problem indicates that the steady state conductlv1ty
of air decreases with increasing pressure in the 0.1 to 0.5 mm range. The proble- |
- of. gas conductivity for these nanosecond pulses is not simple and one cannot at
this point rule out the possﬂalllty of gas conductivity as an explanatlon for the :

pinching behaviour of the beam. Work is contlnulng in this area.

There is a second possible explanation for the pressure dependence of the

..pmched mode. When the electron beam first enters the gas the. degrees of

' dionization and the conduct1v1ty are quite low. If the time requlred for the gas to

' '__Vbecome hlghly 1on1zed and breakdown electrlcally is an apprec1ab1e fractlon of

_'_,the beam rlse tlme then the return current W111 flow on the chamber Wall-befo

breakdown and thls current w111 rernaln on the Wall after br eakdown Cgiving:
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. pinc‘hed mode If electrlcal breakdown occurs in a tlme much less than the L

. beam rise t1me then almost all of the return current can flow in the gas and

P
O

h there Wlll be no plnch

The breakdown explanation of electron beam behavioir is the fsubj.e_ct' ) L

of the remainder of this re'}oort. The rate of ionization build-up in the gas is |

-considered in Sections 2 and 3. In Sectlon 4 the observed behaviour of the

electron beam is compared with predlctlons from the breakdown theo,ry There i

is rough order of magnltude agreement in the following areas:

1. The pressure dependence of the beam current denSLty for air )

land hehu.m '

2. The relation between electron kinetic energy and the _maximum gas

pressure at which a pinched beam is observed.

II. ELECTRICAL BREAKDOWN IN GASES

When the electron beam first enters the drift chamber, the conductivity :

_of the gas is very low. The electron beam creates a highly ionized plasma The .

tlme requlred for the degree of 1on1zatlon to build-up to a hlghly conductmg level |

can have a major influence on the amount of p1nch1ng which will occur.

-We will consider flrst the ordlnary‘ breakdown process which occurs when
“an electrlc field is applied to an unlonlzed gas In general the electrlcal.brea_k-.-'

~down of a gas is due to the build-up of ionization from processes occuring in

the gas and at the electrodes and walls of the discharge chamber. For certa'i_n_-_‘

conditions - the electrode and wall effects may be neglected. The results of |
breakdown experiments using microwave frequencies (Ref. 4) and nanosecond
_ pulses (Ref. 5) are in good agreement with theoretlcal modeis whlch neglect

_ electrode and wall effects.

~The expression for the rate of change of the electron density is"(R.ef_'._ 5) R

dn S R R
dn L g R , ey R
code T T TR T b




 PHR-17-67

- Where- n is the electron density

v, and v are the ionization and attachment frequenc1es
i a _ S

T"is the partlcle f‘LoW

In terms of the electron drift velocity, v

1“.5 nv.

The recomblnatlon loss of electrons at electron densx_tles in the nelghborhood

:of breakdown is neghglble and has been neglected.

5id the electrode and Wa,ll effects can be neglected and the electrlc fleld

_ 15 unlform one can assume that

The range of parameter for which this assumption is valid as well as

other limits for this theory have been evaluated for plane pé,rallel electrodes

in air (Ref. 5) ini terms of four limit lines (see Figure 3). The par.a.meters_
are P, gas pressure, T, breakdown fime, and A= d/'rr where - d is the plate
separation. '

The mobility amplitude limit is determined by equating the electron

drift distance during the breakdown time with the plate separétic;n The .ﬁni'fofm _

field l:l_m.lt is a requlrement that the breakdown tlme cannot be shorter than the -

time requlred to propagate the voltage pulse across the gap. The mean free . -

- path limit occurs when the mean free path is equal to the gap separatlon The -

theory requires many collisions during the formative time. For this reason,

.the'collision frequency limit is determined by equating the breakdown time and

~the mean collision time.
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1ll. IONIZATION CAUSED BY THE COMBINED EFFECTS OF THE ELECTRIC
_FIELDS OF THE BEAM AND COLLISIONS WITH BEAM ELECTRONS |

In addition to the ions created by the interaction of the electric field of

a

" the beam and the .béckground gas, ions are formed by collisions bétwé:_én the

beam electrons and the gas atoms. The rate of ion production by the__sécdnd

dn. . _ j
(&) —qNUh

col

‘where j is the current density in the béam

g is the charge of the electron

Co G, is the ionization cross section for the relativistic beam electron

The differential equation describing the rate of change of the secondary

_electi*on density in the gas due to both processes is

dn . ' - . ‘ '
0L v - P+ 2).
b (\)i va)n-{-K.._} v-T | _ | (2)

. N%

K = q

An exact description of the ionization build-up in the backgfound gas is an

' exceediﬁgly difficult prob‘Lem.I In general V.- F %t 0. - \)i and Va are functions of -
.the applied electric field. During the rise tim.e of the beam, pulse the cu.rr_ent'
| density, j, may be changing in a éomplica’ced fashion because the total beam B
" current increaSeé continually and additibnally the beam may be pinching at the
| same time. The elgcfric fields aSsoci-ated ;\vith the beam are.ﬁot uniform. Trhe .

_ m_agnefic field of the beam will be changing due to the change of the _currént as

well as the beam diameter; and this will effect the eleétr'on: mobility in the gas.
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. In order to get some idea about the order of magnitude of t-he time- Lo
e 'r'equi'rec._i{ for electriCal breakdown in .the __ga.:s., .:EQuation 2 will be, solv_ed for-
:”-the following simplified case; | | o L .
[ The electrlc field is unlform and constant

_The effect of the magnetlc f1e1d can be neglected

The current den51ty durlng the rise tlme of the beam pulse, tr '

: s glven by

wher_e jo = curr"ent.dens.ity dﬁring' the flat top of the beam pulse.
For these conditions Equation 2 reduees to

() o | g - K j
2 . o L A

= = (v, -v) n+

a - M ) ) P t

R
in which v., v . and

do not .depend on t. |

The solution of Equ.ati'on 3 is_

LB _“o‘c":,__--* £ (v —-v) [e T ‘1] A @

f e Whera o) 1& the electron dens.tty (electrons/cm )
nO is . the electron den51ty for t “'0 (electrons/cms)

- \J and \)a are the Lonlzatlon and attachment frequencys (sec 1)'__

ti (v -V ) = mean 1onlzatlon tlrne (sec)

N is the gas partlcle den51ty (atoms/cm ) : _
o o Ohr is the cross section for 1omzatlon by the relat1v1st1c beam electrons (cm
() o _ q is the electronlc charce (_cou_lombs) L | .
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Ly

i, is the current density in the beam during flat top (amps/cm”)

' tr is the beam rise time (sec)

The mean 1on1zat10n tlme t can be evaluated from pubhshed data for the

' electron drift velocity (v}, the Townsend coefflc:lent {a), and the attachment

.‘ coeff1c1ent (8)

ti-:v.h_v T v (a-B)

o
v, = and g are functlons of the ratio of electrlc field, E to ga.s

",pressure P, so that a useful expressmn is

[
<
[ |
.l

el peo)
s

pti is then a function of E

: : ' : a
A compilation of the best available experimental data for v, ’13' , and

' ‘§“ was used in Reference 5 to predict values of breakdown times {in the

nanosecond region) for a spark gap with a plane parallel geometry. The

'agreement with measured values of breakdown time was quite good.

Flgures 4 and 5 are plots of pt versus E/p from the data in Reference 5.

- Figures 6 and 7 are plots of t versus pressure for constant values of field

strength .
The constant\ K, can be evaluated from data on the raté_a of enerpy loss
by 1o;mzatlon for relat1v1st1c electron passing thr ough a gas For a temperature

lp 14T
q760 L\T dX
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- where A’I‘o is the average energy lost per ion'par (ev)

—j—%‘{ is the rate of energy loss by ionization at a pressure of 760 mim-Hg ‘
..(e__v/'cm)_. . _ - S S : T T S .

p is the gas pressure (mm Hg)
q is the electronic charge (coulombs).
Use has been made of the fact that the average energy lost per ‘ion pair is 32.5 ev

for alr and 42 3 ev for helium (Ref. 6). The variation of %—;[é with electron_ ener_gy

3 ,
'_j1n the range 2 5to 10 MeV is not great and an average value of 2. 30 x 10 ev/ecm
" for air and 3.5 x 102 ev/cm for hehum (Ref 7) has been used to give the relatlons

©°c)

K

A 5.82 x 1017p lfor air

N (5}
: 16 . )
Iﬁ . = 8.83 x 10 p for helium

The value of the initial electron density, n, in Equation 4 is highly
uncertain, but it is almost certainly small compared to the quantity |
K 3

: 2
t (v, -Vv)
r'i o a
80 that from Equations 4 and 5 the electron density is given appi‘oximat.ely--by.

1 t/t
n-= 5.8_2:{10? ti' t Le /1_ % -1] for air

(6)

/
ful
I
oo
s
w
]
s
o
g

16 J'o 2 tf: t o
T,E‘ t. [e t-— -1] for helium
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These _exp.ressions”'are _plo'tf.ed_ in Figures 8 and 9 for Afhe 'fbqumg'pa'ra_metérg; .
'E = 100 V/em

ar

G TSI Ampsfacc
%L 2 = 2.5x100 SERE
' LT e cm sec

.:_;".Ifhe;c_ri.feria.for electrical. breakdown used in Refe_r_ence 4 and'5 was
: ."‘:.t'h'at bre.ak.dc.)u}n oecured when the ratio ef electron densitjr' to initial electron
"den's“'ity"(n/n )Vwa's 108 The value of the breakdown tlme is 1nsens1t1ve to the
',:exact value of this ratlo because of the exponentlal nature of the build- up procees,
and the value of 108 was found to give good agreement thh measured data for

- both microwave and nanosecond breakdown experiments.

) | The prec1se value of the initial electron den51ty (no) is uncertain This
_uncertalnty 1ntr0duces no dlfflculty in the normal breakdown calculations (i.e.
if the second term on the right side of Equatlon 4is zero) because the solution

i 1nv01ves_the ratio n/no. However When the effects of collisions with bearn |
. electron are included, it 1s.not possible to apply the breakdown crrterla -
'—(n__/n .=_' 108)- of R.eference 4-an_d'5 direcfly.' L
: If the dlstrlbutlon of. currents and electrlc fields in the drlft chamber are
: -.known 11: would be p0551b1e to treat the breakdown crlterla as a parameter to
Ibe determlned by eXperlment Lacklng thls mformatlon one could make a crude
'estrmate in the - followmg way | The steady state canduct1v1ty Df a WeakIy

' ionized gas is given by (Ref 8)

mf




i
i
i
i
A T ! i
1. : |
il | ,
. |
:
it -

7

L

[ S

.N\x.....:&.;.b\u.v.?\u&.\..‘u..ﬁ\._m\v S

WUECTNLIAVH

2i8-65€

™ -

™~

S63 PaAsdny

SINHLIMYDO - s

Y T T T

(@)



A

- PUR-17-67

where 1 is the ratio of electron_ den.s‘ity_ to gas atom den_sit'y _ -
‘q and m are the electron charge and mass
T is the electron temperature

- Q is the electron atom colhslon cross sectlon averages over the-

- electron speed dlstrlbutlon )

The quantities in Equation 7 are in ESU and the coriductivity should be

divided by 9 x 1011 to gi\?e values in mho/cm. For an electron density of 10

”

electron/cm3 and a gas density of 0.1 mm Hg the resistivity from Equation

.7 is 10-100 ohm cm. One would expect the resistivity of a con'lpletely ionized
. e : : . .
S -2 - . : -
‘gas to be.arou_n_d 10 ~ ohm cm. It does not seem unreasonable to assume thafc
electrical breakdown corresponds to an electron density on the order of 10

“electrons /cm3 or greater.

‘From Figure 8 one can se¢ that the time required to reach any given
. 3 . :
electron density, ‘greater than 109 electrons/cm , is about twice as long for a

pressure of 0.1 mm as for a pressure of 0.5 mm.

Iv. COMPARISON OF THE BREAKDOWN THEORY AND THE OBSERVED
' BEHAVIOR OF THE ELECTRON BEAM

In order to compare predictions from the preceeding theory with .
experimenta_l data, it.is necessary to have some estimate of the electric field_s-
in ‘the'-drift.chamber, as iwell as the r.ate"_o_f change of the beani. current and
current density. Since t.he transit time of light across the drift chamber is
small'. compared to the rise time of the beam ptlse, the app'roximate ma_,gnitﬁde
of the electric_field can be calculated for the quasi-static case. |

-
. QA

b E = -8 -2 - E + E
' ot. c m

‘where the retardation effects ar.e neglected'iﬁ calculating 8 and A from the

: charffes and currents. Since only a rough estimate can be hop'ed for at be'st

the electrlc field w111 be calculated. for a non dlverglng uniform beam of radlus _

- 1‘1 1ocated coaXIally in a drlft chamber of radlus r2 and length 2 >>1'2 _

T3y el




© PIR-17-67

For this case the electric field at the center of the 'chdfhber due to th_e: :

 charge in radial and is given by {Mks units)

2
o ‘
= : <y < '
Y ot TR
o :
 or S
= —— <£r <
EC S5 osr s

”WhEJé'E'. o} is charge density and .

e s 885 107

.The electrlc field due to the changlng magnetlc field is 10ng1tud1nal

~and is glven by (neglecting the dlsplacement current)

2 1-2.
I T e Wl 2
'Em = o dt[ > + ﬂn ] o§r5r1 .
. T ,
(9)
uodl r2
E = 2 — gnt ‘ r fSrsr

m 2m dt r 1 2

. For a.lcurrent density of the form

the electric field due to the ..spac_e charge of the beam electron_é _on.iy '

" would be (5 =1)

30'1' t t
= — = 1 — = =
Ec " 2cc % 188 j r °osr s

for | jo. =7.5x 102w-A/c:r112
| cr.=1 cm
t":.lo s

E -..?"1-'1:41:5?.1:0%'_V-/ém._-.-. e 3

e L
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- However, from Figure 8 one can sece that for t = 1ns the bulld up

of p051t1ve ion dens1ty is a,porec1ab1e

 For example, if p=.5mm, t=1ns and E = lD V/cm the charge
den51ty of the positive ions would be about ha1f that of the electron bea,m
- charge density. For an electric field of 10 V/cm the charge density of the
positive ions would be much higher than the eIeetr.on beam charge density.
:If'the s.eeondary electrons can %scspe from fhe beam, it seems reasénable
to assume that the electric f1e1d due to space charge is seIf Ilmltmg, and
:that the electrlc field due to the changing magnetlc field (whlch is unaffected
-by 10n12._at10n build-up befere breakdown) dominates the seco_ndary processes

' “in the gas.

¢

"For the electron beam shown in Figure 1, the rise time of the

bremsstrahlung pulse is about 10~ seconds and the current rise time is

T
i ;
—

- . 4
presumably somewhat longer. The maximum current is about 2 x 10° amps

.. dI 1z . .
‘giving a value of qt around 10 = amps per second during the rise- time. For

"~ this value of Eand reasonable value of rz and r1

-Equatlon 9is 10 to 104 volts/cm near the center of the beam.

the electric fleld {Em) from

Figure 10 :'Ls a plot of measured values ef beam energy density versus '
drift charhber pressure from data in Reference. 9. .Comparing the data iu
Figure 10 for air with the curves in Flgure 8 (E 103 V/cm) 1t can be seen
~ that the fraction of the beam 1;1$e tlme requlred to reach an electron den51ty
- of_lO? V_electrons/crhs or greate.r_ drops sharply Wi‘sh pressure in the 0.1 to
2 mm range and there is a corrésponding drop iu beam inteusity in Figure 10.
Furthermore, the optically observed pinch (see'Figure 1) ceases to exist as

'_the pressure is increased in'the 0.1 to 0. 35 mm region and’ there is a partmularlly

: '_sharp reductlon in the ionization bulld up tlme for this pressure range.
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Unforturlately the experiment_al data for helium consists of only two

" points. From Figures 6, 7, 8 and 9 one can see that the behavior of helium

is-very similar to that of air except that the curve of mean ionization time versus

‘pressure is shifted upward in pressure, and there is a corresponding shift in -
pressure for the curves of ionization buiid—up versus time (Figure 9). The two

 data points for helium in Figure 10 are in general agreement with this pressure

shift. ' Pictures of the electron beam in he11um at 0.5 mm display the plnched

' mode of operatlon

Table Ilists the maximum pressures for the pinched mode of operatlon

_'1n alr, for electron beams having several values of electron klnetlc energy

VThere is a definite decrease in the maximum pr'es_sure= for pinching as
the electron kinetic energy is increased. The phenomena can be explained on
the basis of the breakdown theory in the following way. Asr the kinetic energy
of the electro.us is increased, larger magnetic fields are required to form a |
p‘dhch. Since Fp is approx:tmately the same for all of the beams in Table I, larger
rhagnetic fields are produced by lowerlng the pressure and causing breakdown

to occur latter {i.e. at higher values of current).

V. CONCLUSION

' The time required for jonization build-up in the background gas is the"

right order of magnitude to explain the pressure dependence.of”the_ pinched

mode . for the electron beam. The pressure dependence of the rate of ionization

“build-up is considerably different for helium than for air, and the observed

behavior is in qualitative agreement with this result.

Much-work on the problem remains to be done. In particular the -

..1on17at10n process should be 1nvest1gated for electric fields which change Wlth

_ pos1t10n and tlme The dlstrlbutlon of secondary electrons and the electric

flelds should be inve stlcfated more throughly The pressure dependence of the
t'lt'.beam 1nten51ty should be measured in hehu;m The tlme hlstory of the’ 11ght frorn

e Er‘f?fhe beam path should be measured for alr and hehum as a functlon of pressure
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