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STABLE PROPAGATION O F A.-HIGH-CURRENX-ELECTRON BEAM: 

EXPERDffiNTAC OBSERVATIONS MD COMPUTATIONAL MODELING. 

f* 

:, " - : *" . ; v * ABSTRACT S 

rgxp'erimentai studies, of sei&^focuoettv'high^ciareiit electron-beam . 
vt propagation phenomena are'compared with the^results .o£. computational modeling. 
«:The'm6dê L includes the,radial structure of theVeam^plasma'systeiii, a full 

'•• electrbjnagii'etic field'description,^primary' sod. secondary gas ionization 
processesi and a i'insar theory of the hose-like-distortions. Good agreement • 
ibetwse;r, the experimental results-and the computations 'Strengthens,thepremise 
t'har. hose instability U s the principal limitation to propagation at high ••'• 

, ( v 'i'"" » •'••.:> " : J < J :i"V:; ..... , v.* pressure . . .: 
• • . . • • . - •' ? , : !• 

--> 

>• 
4 .?• . V 

'•• /.V*., . ' • » . £ • . , V ' ; . " ' * . ' • -••' i • ' ( • • • 

",c i ?Hose i n s t a b i l i t y severely l i m i t s t he propagation of self~focused e lec i 
- ' t r o n beams, in neut ra l gases , as has been.amply demonstrated in the Astrom beam 

experiafenfcs.iy The - 'obsel^t, idn of^st&jjl^ propagation with a h igh-current , ' . 
\ ••• „ , - " ' • ^ • - , i . ' " 2 '• '" " ' " > ' ' \ . • ' >•• •' • ' . - > • . ' . . 

1.5-HeV»"d.tode-;prtoduced heara'*,. is-j thereforeV' 'quite s ign i f i can t , s ince i t , . 
' - . .demonstrates: ' that s t a b i l i t y against hoeeydistorticiris can be achieved under the 
•: proper conditions.''•' ;" -.-"i h - '"?'• | ? • i! 
"•; - « : ; .% ' . \ ,v -*?•• - • ."••'• y \ ;: i ^ - . . . • ' - • ' ^ • • . • ' •>;_. .' . ; / ' 

V- n ,••"> Recentlyfr'a compntional oodelte^vlieam propagation andfi inear hose 
? !••" '*. -,&y^i \ ? ... '" • ' ! V 1 , ' " >.''"'• i r - " -; ' . - " -:' 

,^j±ns.tablllty,!hasrJ»<^.d«^ofW(JIv1' This- model successfully describes the behav­
ior of" our pulsed-diode electron beam at pressures above 1 Torr. Thus, this 
descriptionso£ -̂ he :above -computat'iojial ,ffibdel (ptPULSE cade);> and (3) a 
Report, presents'(1) soma of t^e most-recent experimental observations, (2) a 

v • ' - . • ' • • • - • , . • • • • ' 

... IP*.*..; . , ... , , . ; , . . . . . 
comparison of e^eriiiieneai.'and/^bdevra^uitS'i 
• • : . - eS-', ~ i ' ' ' ' . ' . "• * .- n ' ^ '• '^^i- •--•'' '''-• " ' 

• , , ' -̂  <• ; i ' • '••' " >). • " • • • V- , • V ' ' , V -; ' . ' . ' : . '.- . , 

' ' ,•• ; <\$ ; ; .'• ^ E X I M C | T A 1 > : 0 B S E R V A T 1 0 ^ ' • •••.,„ .• 

ir' ... is;-'-. The e lec t ron beam used "in. these e?tpet^Sttentis •Was generated bv an fX-25 
.; device manufactured by Ion Ehycics CbrpQratiion..: The beam current has a r i s e 

' ' . •• ' , : ' * • ; • • , : . . . . V ] • • • • \ v . • ' ' • ' • . ' . ' " - . . • • . • . - • 

-;;.'*' ' time of approximately 4 ns t.a-.7;5 kA,;and then a slower'rise reaching 15 kA 
it.at.,15 ns.•" The beam conta'jtns'-about: £0.0 J at •'a.'peak voltage of 1.5 MeV. . The 

•-. * . •• • ' .'• •• . - ' ^ . ••' a \ \ 

experJjnental apparatus is-^hown in ?fig» 1» The electron beam passes through 
0 



T 

Fig. 1,, Experimental1 apparatus showing Lucite drift tube. 
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a ,0.0025-cm (1-mil) titaj?;iujir anode into'&''Lucite drift tube and ie.collected„>• 
by/the 4.8~em Faraday cup/calorimeter described: in. previous reports. ' A 
O,0O25-cm alumiaized-Mylar.foil placed over the.Faraday cup/calorimeter 
excludes the plasma, current and acts as a witness plate. .The distance between 
the anode,and the Faraday cup/calorimeter: was adueted to control the .beam 
propagatioii^length. " " v\- . •• • • •"• ? , - . , 

Figure fZ shows open-shutter photographs, of the electron, beam propagating 
in neon inside'a ISO-cm,' 25-cm i.d. Lucite'tube. For the upper photographs, 
the tube was: lined with,a copper screen tliat connected t;he Faraday cup to the 
FX-25 and terminated-the electromagnetic fields'generated by the beam inside' 
the tube. For the lower.photographs,;-the-tube .was not lined with a copper 
screen,-. In,neon, the beam propagatesilvery stably at 5 Torr, while ,hose 
instability can be°seen even with opeitt'-shutter photography at the higher 
pressures 0*50 Torr). Note that the presence or absence of the copper screen 
liner' has little effect on beam propagation at the pressures shown. 
'"' .Figure''3 shows ..the energy^propagated ;by the beam through a 120-cm long, 

• 8.6-cnj i«4- tube as.a function'Of pressur.e,for various gases. Here the ; 

presence of a propagation window at a few Torr .is'clearly demonstrated; the-' 
pre&sure range of the propagation window depends on the gas. 

•': '• , •• •' v ' . . . ',i • ' • '" . . " '•' . - . . ; • 

Figure 4 shows oscillograms. ;of the beam current delivered to the Faraday' 
cup/calorimeter.at a propagation distance of 100 cm at pressures from 0.05-to 
20 Torr air';' the data was taken with a 120-Cm long, 8..3-cm. i.d. tube with a 
copper screen lining. At the lowest pressure,, the beam does not propagate -
until the gas is sufficiently ionized to short out the radial electric field, 

-' '' •$' . * --,1. . ' " ' . . , . ' ' 

thereby allowing the beam to self-focus.' As the pressure is- increased, the 
beam self-focuses earlier in the "pulse, with an increase in the total energy 
transmitted. These phenomena are5 characteristic'of- the "low pressure window"^ 
mode of propagation first identified in experiments with'ths Astr'on beam; "At 
6,'2 Torr'the time of space charge neutralization occurs approximately halfway 
through the pulse.- At this pressure, the peak current measured by the Faraday 
cup/calorimeter is greater "than the current generated by the Fjf-25; This is 
the "current amplification'1' phenomenon also seen in the Astron experiments. 
At pressures up to 5 Torr,.the beam-propagates well, with nearly all the . 
energy transmitted to the Faraday cup/calorimeter. At 10 Tprr, the tail of 
the .f.ulse is strongly eroded, and only albeut 40% of the .beam energy is col­
lected by the Faraday c.up/calorimeter. At 20 Torr, the degree of tail erosion 
is even greater. Other experiments" have shown that at pressures of 10 or 



r 

5 Torr 50Tdrr 

Fig. 2. Open-shutter photographs p'f e l ec t ron beanrpropagating inside'-a 180-cia" 
long, 25-cm i . d . t u c l t e tube , wi th copper screen,- (tipper)' and without copper , 

>' screen ( lower) , a t neon-gas pressures of S Torr (J-eft) and 50-Torr ( r i g h t ) . 
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;•,(•'20 Torr the! tail erosion also increases rapidly with, propagation length. 
'-1' ' " " " " • • - . • . •' ' - • - ' • 

Figure 5 shows an open-shutter photograph of the beam propagating in air 
• at 2 Torr to a"55S-cm. long, S.S-cm i;d. tube.. (The length of the tube was 

:? limited only by-the apace available in the. experimental area.) Here, the beam 
'energy delivered to the-Faraday cup/caWrimeter exceeded. 250'J.' Moreover, the 
• beam was well focused at the collection point, as evidenced by^a hole in the ' 
' witness foil.; -The beam current oscillogram was very similar to thcrse obtained" 
.7 at shorter propagation length, indicating that the energy loss has resulted 
,' "• from ;a'loss of the average™electron,energy and not.from ft loss of beam 
•, electrons. At this pressure, the eiiergy loss;is primarily due to the collec- . 
• tive electric field (ohmlc loss) and not to the, direct impact with gas 
molecules. The axial electric field predicted'by the EMPULSE.code (described 
in the following 'section)':ranges from approximately 6 fcV/cm near the pulse 
head (»0.5 ns point): to approximately 0,2 kV/bm.in the body of the pulse. If. 
we average this electric field over the pulse, an energy loss of 200 to 
300 fceV per particle over the 550-on distance is predicted, which is in 
reasonable agreement with the experimental observation, considering the uncer­
tainty in the mean particle energy^at the anode. * • ' 

In summary, the data show that in air at a pressure of ~2 Torr the beam 
propagates with no evidence of instability.' At higher pressures,..the beam is 
'lost by an erosion that proceeds from the tail of the beam toward the head ' 

>. when, either.pressure or propagation length is increased.' At lower pressures, 
'' the beam is not well guided by an unscreened Luc it e: tube. The addition of a 

conducting wall inside the tube improves the.propagation at'lower pressures 
and we see*, evidence of the "low pressure'window" and "current amplification" 
phenomena previously observed"in experiments with the Astron beam. 

: COMTOTATiraiAL STUDY 

., '• The beam-propagation code, EMPULSB, has been used to simlate the FX-2S 
experiments performed in low pressure air. The main purpose of this study is 
to determine whether the -code model'is consistent with the observations of 
suppressed hese growth-at the :lbwer gas pressures (1 to 5 Torr J, -and the dis-

" " A ' ' -•• ! • ' ' . - . ' . ' 3 
ruption seen, at higher pressures. A simple analytical'model of hose growth 
has indicated the important role played by the ayalanching of conductivity by 
electric- field breakdown, but detailed modeling of this phenomenon can only be 
made with, EMPULSE. - ','.?' • 

• • • K . : : • • • , . . . . » 7 _ : 

1 • | ' J , ' ' , ' l l ni>f '« | ' i " ' " - " ' i ™ I'''"" l i ' l i M f l |% FlimriB?flinBE" 



Fig; 5. Open-shutter photograph of beam 
propagating at an air. pressure of 2 Torr 

' inside a 550rcm long, 8.8-cm i.d. tube, 
without copper screen.' 



Clearly, this, experimental study provides an important test case for the 
code; a successful simulation of the data would give a higher degree of con­
fidence in the- predictions it makes in other regimes. .• 

It must be emphasized that'the experiments, at pressures below 1 Torr are 
not properly simulated by EMPULSEi The code cannot treat micro.instabiliti.es 
(e,;g., -the two-stream mode), while there is considerable evidence that propa­
gation is actually limited by-such.phenomena at pressures o£ about 1 Torr and 
below. The code is 'designed £o trea'fc the higher pressure regime in which 
resistive effects, such as the hose instability, are expected to play the 
dominant role. 

' •' Descrip tion of EMPULSE 
. EMPULSE numerically models a highly relativistic, self-focused, electron 

beam'propagating in a gas without externally applied fields. The current is 
assumed low compared with the Alfven limits so the paraxial approximation is 
adopted for the beam dynamics. -The principal features are as follows: 

(1) The electromagnetic field is treated with two components of 
potential (A and $)> where Maxwell's equations are solved taking the beam 
velocity equal to the-speed of light> A full discussion of these field 

. , • . 4 
...equations is given in another report. 

. • • (2)' The plasijia channel is characterized by :alar electrical conductiv­
ity, generated by the passage of the beam through the gas. The conductivity 
is 'given' By . • 
. ' . 2 ' n e . 

• i e •-• • a = m\> • .i 
''.':'- m . , • '; : . 

where V is the momentum transfer frequency between pla=aia electrons and gaa 
molecules, and>n is the plasma electron density. For the set of runs de­
scribed^ below we take , "-'--

v .=• 1.8 x 10~ 7 n Cs"1) , . m g 

where n is thfe number density of the gas. This value Is a good approximation 
if electron temperature is.in the expected range 1 to 10 eV. 

http://micro.instabiliti.es


The electron density, n , is generated by direct Ionization of the gas . 
by the beam and by avalanching in the induced electric field; i.e., 

3 n V i 
'•^T • K n -2- + V n ., dt g 3 e 

-18 9 

Here, J. is beam current density, and K = 2.36 x 10 cm" is the effective 
b 

ionization cross section for 1.5 HeV electrons (the cascade factor is taken 
into account). The avalanche rate V is a function of |l|/F fitted to the 
pulse breakdown aata of Felsenthal and Proud. We neglect recombination; this 
approximation is valid~for all pressures except the highest ones («=100 Torr). 
For the undisturbed current density profile, the truncated Bennati: form is 
used: 

-2 / „ , 2 
J^ n(r, x) = N(a) b 

Î (*> 
WT ' ' w „ 2 TTa H" H) • 

with radial coordinate r, scale radius a(x), and channel radius R. Note that 
a, I. > ant b 
variable, 
a, I. , ana normalizing factor N(a) are functions of the Doppler-sh.'f ted tinte b 

ct 

but are not functions of z; i.e.; the current profile is a fixed wave form. 
The particlular form used here is 

I, = I. tanh b 0 ft) - fcr) 
with I the peak ̂ -rrent, L the rise length, and L the palse length. The 
radius a is determined from the emittance £ (assumed constant) by the usual 
pinch condition 

2 £ 
2 ^ (tB° " " J • 

with the averages takei.. over the beam current profile. Since E and Bfl cancel 
at the beam front, it is necessary to impose a maximum radius; we somewhat 
arbitrarily take a £ 10 cm. 

-10-



, (3) To .treat hose instability, the four functions A , 4>»'0"» and J, are 
-. . . . " •' 8. L. . D 

:£v 

each decomposed into two azimuthal components:'^ t >•" . " • 

* A = A . + A , s i n 6 , • ' . -.* . f'i'W ... 
z KO a l •'" „ • • • „ / ' . • ' " ' • " ; ' - ? - H " " ' ' " ' ' •''• 

•"•' ' ' ' • ' • .<• ' " ' • ' " . * •' •%• " " '' " . V . " ' ' • 

' - "; - • ' • - - ' * „ + • , s i n . 6 , ; • " • " ..•'••••,-•>•'• v . '' 

;;'.' a » $ + oy s i n ' 9 , -'..• > 

• • . ' - • . " ' : H , n ' " ' l ' " •• • " ( - ' J ' " ' - * • • ' • • ' ' • ' • , ; ' ' ' • 

" . - • • • « • ! > • ' ' • . - ' • • • • • • " V • - • • - . -. • , : • • • ' ' • • " ' * ' ' ' • ' • • • ' ' 

• The d ipo le components ( those with s in 9 dependence) a r e considered to be 
of small amplitude, so t ha t l i n e a r ana lys i s a p p l i e s , but they vaigr rap id ly l a • 
x and. 2 as a manifestat ion of. hose i n s t a b i l i t y . The p a r t i c u l a r form for J. i s 

i : - i 6 ' ' • • • • • • • • ; : ' . - • . , • » -

the r i g i d beam express ion,! / which corresponds to a simple sideways d i sp lace ­
ment of magnitude Y(z,'5c)., ' '•'_.., ' '; " .,''.' 

/ <•" • . . . " = . • * • • • • - . * • . -" 

.. (4) The beam is. composed of .300 to 500-. segments of varying thickness, 
Ax»-which do not intermix as the" beam propagates in the,+z .direction. Each 
segment is itself composed of 100 disks with distributed* relativistic mass to" 
simulate the phase mixing; effects-;of particle orbits due to,the anharmonic 
"pinch fi^ld. Each disk is';tSius>pr6pagated in. a and characterized by displace­
mentTf (z, x) with i » 1>..-.,..100. The displacement, of a segment'as a whole 
is a distributed mean';1- • • '', ' .-• : ' , ' " 

,., ' , ". l o o " ' '":' ' -,'• ;\," '.••• "'' * ' ; "•'.' . ., " [ 

••>..•• T = S v i • i v - . : *. :\ •'••' • ; ^ •. -.< 

'' ' , ' "''"-' .'"' r' - "', ' 
withl-the £ selected to be An accord'With kn'own proper t ies of the Bennett 
p r o f i i ^ . 3 ' ^ " '' - • ^ • ^ • ••• • ; . - . ' . ; . 

(5) ThiJ-field .equations are solved "oy standard finite differeuce meth­
ods. All sensitive calculations are second order accurate. Boundary 
conditions must be imposed at R; for the case at hand, we consider that the 
confining drift tube is a perfect conductor, so A Q(R) > A AH) = p.. 

A typical run of the type reported here requires about 30 'min computing 
time on the CDC.' 7Jo0r>J. . • ; 

..,•££ - • • / . ' : " . =_ '- . __ - > • ; ' : • • _. 

• ' • • ' • ' ". / v. - 1 1 - '• , !, 



Five runs of EMPULSE were matte to. simulate propagation in the FX-25 
diode experiments at pressures of 2, "5, 10, ,20, 200 Torr air. The drift . 
channel wasj bounded by a metal "wall at R ="4.98 cm, and the parameters used 
for the/model current waveform were • L ;; •:'-"- '.. .-;•; 

I- = 10.kA i L' .= 120 cm •', L ' - 120o'cm V 
, 0 • /•• r••'. •• ;•. ; p ,;••; . . 

The beam energy was chosen to correspond to-a peak voltage of 1.5 MeV (Y = 4)., 
' Emitt&nce .was selected such that the fully-pinched radius is a ,='1 cm (with 
full charge neutralization and peak current I.). As mentioned; the pulse head 
-is expanded, with maximum radius'of 10 era. Hence, the actual"profile of the -

v • • • 2-'' 2 2 
head is determined by the truncation-factor (1 - r /R ) .'. 

At the point of injection '(JS a 0 ) , a perturbation of the .form • . '. 

Y(z = Q, x) ="cos ® 
was applied; The entire pulse propagated to z * = 400 cm (corresponding to 
aboat 15 betatron wavelengths for the fully pinched beam; the actual betatron •. 
wavelength is increased by:a factor of 1. -to 3 because of current neutraliza- t 

tlon)- Fields, conductivity, beam radius, and beam displacement were .' 
determined as .functions, of x and z. ' . . . ' . . 

•Results of Code Runs 
Table 1.gives the most significant computed quantities for the described 

EMPULSE" runs. . "N&t current," "electrical conductivity" on axis, plasma 
"electron density" on axis, and "bpam radius" are given for the representative 
point x- ~ 500 cm (roughly the middle of the pulse). These are equilibrium 
quantities and, as such, are independent of z. The "pinch point" is the posi­
tion in the beam'head at which self-focus effects create the pinch equilibrium. 
This is somewhat of an artifice of the manner in which the profile is handled, 
but it is considered a reasonable indicator of the "true beginning" of 
equilibrium. "Maximum displacement" gives the largest displacement Y(ZJ x) 
computed near the pulse midpoint at x ~ 6G0 cm.' Since the perturbed equations 
are linear. 1 should be compared with the initial perturbation amplitude* 

•;, ,* max - , 
of unity."'" The "x point where ao.se amplification begins" gives the point in • 

-12-

http://ao.se


;i TabliSi_']ixrj .Computed behavior of beans-plasma ayst:em[at severa l pressures- . Net 
" • ; ; N>. cu r r en t , "conductivity; ' :electron, dens i ty arid:beam -radius a re .g iven . ' 
, :.' *• .: i" ' : i^fir^the point x '= 500 cm.,.^Conductivity an&.density a r e on-axis 

,: i~ ' values'. Maximum displacetoient i s g i v e n ' i o r ' x ? 600-cm p o i n t . 

:? v'.y. ' •,*>*: ii " " TT .„'":. ''-=' ' '" Maxiaum "' ..x point 
- ' - v. •' .' ' ., <•' <31splacenent ' vhere hose 

. ' -Gas K e t ' a Etectrical . a ' - E l e c t r 6 n a ' Beam- Pinch . near '•'.." amplification 
..'.•.pces'sure, ieurj-'fent, conductivity'^ .densi ty , radiu^, point, x =';600co.'i .begins", 
:C Torr '".•-••' A .sec"*- . .cm" cm' cm <V c a . -, " • cm .' 

> "'•'..•" 2 -..-3960 , ,4 ! ,9 x , . i 0 1 2 ; ' '2',5 x i o 1 * ." 2.;01 ' 9.4 •• 1.0 : ' - '%/••. 

«« ...-, J,-** . 5 / 9 8 0 , 3 .2 x--i"oSftT >-4.1 x 1 0 " . 1.66 8 .6 . 1.7 ; ' ., 400 
v .10, , . 6 2 5 0 ' 2 . 3 a l O 1 1 . - 5'.9 K Jbr* l , ,39j, .", '8.S . •- •" 3 .5 ' ' . - v. ; ' 2 2 , 5 -

20 ' ' 7790 *( 3^0 « 10 1 ' 2 . ; B.O'XIO 1*'. 1 . 1 7 ' ' ' pV7r'. . ' , 4 . 5 ; ' 175 
, 2 0 0 " '••'9600. - c ' 9 . 8 ' x ' l O 1 1 5 .6 x i o X i . , 1 .02; 12.4 ' 200+ 55 

' • - - • : , — . % . _ : •»* . • • • • • ; . • , - ; • • , •• • 

a Givea for the point x"» SOO-cni,- ; 

the pulse where' the oscillations begin to exceed the initial/perturbation. 
Previou'd'/to- this 'spirit, Y. shows: only damped oscillating behavior. 
,.' In.-Table 2, the'dinol<d decay length for the point x = 500 era is given. 
Its mean derivative with x ismlso estimated: '"'_ 

•• ' : • • • ' ' - - \ 2 = - f -' " • = - ' " • ' « ; : " - : * < • " . " " . , • '•' - • . ' " 

i = ™*a i i . h. '"'•-' 
. A " 2c ; dx ~ x * 

These quantities''aire useful in the interpretation of computed hose growth. 
For comparison we note .that* with direct ionization alone (V.'-= 0), the 
. conductivity rise is such"' that . :• , . 

; - ; - /̂ ^d^t:°£.,-;'.'.'*: .. ^ \ * . \ >-,/ 
,. * Discussion o£ Results and Comparisons with the Experiments 

WaVnote first that the input for the five computations differ only in' 
'•• • • <!. '••- ' - \ , -.if' ' • • • • . • • ' • '.;: . ' • • % ; . • gas pressure. Parser, the laws governing the generation of conductivity are, 

-su&h that, _if direct ionization were the^only. process producing n , then all . 
;_ • '• . _ * • ' • . - • ; ' • .. •---•'• • e 

the runs would be'identical. The1considerable differences among the runs can, 
'.. " : ..,' ' •' ': \ •* • 2 " 

.Table,,.2.';:<. Dipole decay, length va pressure. Here X = iroa /2c and dX/dx = ' X/500 cm is a rough mean through the pulse. 
Pressure!,.Torr ,2 5 '"--" 10 20 " -200 
X, c m '•• t .-1036 • 461 v 233 ., ,-215 ' .'.' ""53.4 
;dX/dx •'' 2.07 :

: 0.523 • '0.465... 0.430 ' 0.106 
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therefore, ,be ascribed to the degree of ionization due to avalanchiog i n . the. 
'••' induced electric 5 fields'. ̂ •Theavalanching process is found to dominate conduc- • 
; tlvity formation at P = 2 Torr a a d i ^ n e g l i g i b l e at,200 Torr. 

The ionization calculated by IMPULSE is in'good agreement with the' :-
e^erimehtal measurements. 'In Tig. 6 the computed-results from Table 1 are 
plotted along «ath experimental^ results (from Ref. J1$ for pressures up to 

• 20 Torr:"Cat 200^ Torr, recombination^will begin, to liraijt ;the density, and this 
is not included, la the version of the code used here). .The agreement is better 
than might 'be - expected, at 1 Torr and above,.' considering; the fact that'- the 
current •waveform, the radial profile-.of the {lead, etc.,.is only an "approximate 

;"•./"representation of the experiments We interpret the rapid increase ofselectron 
density seen in experiments'below, 2'Torr as the onset of two-stream instabili- • 
ty, as. mentionedunder ..Experimental "Observations. t 

The general pattern of the predictions for hose amplification is. also in 
agreement'with the experimental observations. To illustrate this, w e present . 
In Fi'g..7.the experimentally determined beam pulse energy on a target\(at • 
100 cm) vs pressure,, overlaid with EMPULSE code .prediction of the-amplifica­
tion factor (i /Y-J, 600 cm into pulse. The presence of a stable "window" 

•,'•"• > max 0 Vy 

around 2 Torr can be seen to be in good agreement with tlvs code prediction. 
Some additional comments oh the .code results follow: 

(1) In all runs, ionization is uue primarily t? the direct process for '•'.'•' 
the first 10. cm. of pulse."; Hence, the pinch point is similar for all. 

(2).! In all runs, net current is close to beam current through the first 
30 cm of pulse; "thereafter,- in the low pressure runs, the avalanching bf'G 
tends tc freeze in net. current, causing I to fall well below I in the.body of 

''• .*..,.. v ' • ' ' . • • • " . 

,,• the pulse. ' But for .high pressure, 1 sj l/ throughout the pulse. • " 

• (3) • Beam radius should,be. given approximately by ••„ 

;, .la x constant. „ -:>.., .* . 
This is qualitatively born out. The deviations from this rule reflect; .the 
fact that,the plasma-and beam current density profiles differ. 

-U- . 
v. 



d> r . V. 

6 10 
Pressure - Torr 

Experimental data2 

EMPULSE calculation 

50 

'%*'?*• 

^^Fig. 6. Electron density as a function of pressure froa both experimental 
data (from Ret. 2) and present EMPULSE calculations.' 
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Eig. 7. Experimentally determined beam-pulse energy on target at 100 cm and 
EMPULSE code prediction of"amplification factor va- pressure. . , 
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(4) The'product n a is nearly independent of P for the low pressure 
e runs; £he breakdown iprocess appears to remove a constant amount of energy from 

•.; the pulse. .Hence,-cf and X vary as P , since v-vi* P».\:: r 

(5) In .the pulse body,"cfie maximum hose growth from point-s. to x i.<= 
predicted by simple analytic models to'be .'-,&.. 

„ '' •; . , "•• 6.6g;^ •>•*..- --= 1 • \ ;' :- > " ••" " . 

(V . 

Valves of Y derived front1 this formula,..using the mean value of dX/dx, are 
> :i given in Table 3; We take k to .be-the point- at which.growth^ls first ob­

served, and "we-" take »• = 600 cm, .the ..point where,Tt iV'coraputed. Approximate 
' ; agreement between EMPULSE runs and this formula.is evident. 

. (6),.In;norufl.except I'• 200 'Torr. is the pulse .head unstable. This ia 
.. a new feature in the hosie.-.i'tability picture'-predicted by.EMPULSE but not yet 

;fully understood. it: is known that hdae growth should be strongly suppressed. 
-.. at very l&w conduct.ivity :{o"a/c .< 1), which prevailr' up to the pinch point. It 
,', 1B possible that;jithe rapid decrease of the-effective betatron period following 

•~.~?"the pinch point causes a "detuning'1 of the instability; with a resultant 
Suppression';of growth. 

A "~"-Vi- ! ' • '- - " ". ' •' '--•>•- -. 
i ' ' ' ' " # " ' • • • • - '• ' ' " . . ;

: . . > ' • - • • . • - • ' - • • ' . ' • 

C7) Hbse growth is delayed by rapid growth of a; note that the position 
at which hose.amplification begins (xj\) increases au P is reduced. This fact 

' .. Is?;probably explained by the competition'between phase mixing and unstable 
... gro'w.th. The damping always prevails at small, x/ so as hose growth is reduced, 
. the damped sso&e is expanded. 

.,(8) Finally,; it is'important to note that. the. run at P*= 2 Torr shows 
ijnd hose growth at -all. EMPULSE can be run at,.yet lower pressures, but as we 
, ; . — \ -> . - . .. • s. ; _ . ' • ' . . . . - • ' ' • " ' . 

^• j i sab le 3." .Comparison of t he : ana ly t i c estimate of ; hose growth with .the growth '' 
." !'1; ., ̂  v.' jComputed with' EMPULSE. •''• - . • - . _ . ; , • 

^Pressure, Torr 2 .., 
j Analy t ic estimate •" '•,;•' -
\iEMPULSE' ' ' ' " - . ' ' -

' ! • 5 - • • 10- 20 200 
1.4 : - 4 .3 ; 7.2 6 x 10 6 

1.7 - 3.5 4.S 200+ 

• • » . ! ! -17-
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,' have already mentioned, Che results are not in accord'with the experiment.- A 
. ; preliminary study (runs, at z = 0 only; shows that the trend of increasing X 

with" decreasing P continues at. .l§ast to 0.1 Torr. Ho "starvation" of the ,. . 
secondary ionization-is observed in the computer runs, so the poor propagation,. 
observed in the experiments, below 1 Torr do not appear to be related to hose 
instability. Ratheri propagation-iri this regime can be explained by the two-
fitreara instability,- as will be discussed in a separate' report.;>• 

'•%' • '-'• • '* ' , . ..A(^6wtEDGMEIKCi ' 
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