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ABSTRACT

JOSNRON -t e e e -

" The Townsend ionization coefficient a/p(cm-mm Hg at 20°C)"! was
ﬁzeasured across a strong niagnetic field by varying the electrode gap in a
cylindrical geométi‘y_. Measure_ments _wefé made for B/p up to 4000 jauss/ mm

» Hg at 20°C and for Efm(l +wbz'rz)_l/z less than 150 #/cmfamm Hg, .whe‘x'e “’b:;
" is the ratio of the electron cyélpt_ron to elastic-collision frequencies. A theo-_‘

retical expression of Blevin and Haydon,
o = Cy(1+ 022 axpl o, oV B0 R

is shown to fit the points w.elhl over a limited rfa.xige of values. The -efféc‘tiv.'e
: colliéion frequency (.’ul)(l()9 p/sec) that makes the theory fit is abbut three«
_fifths of the aver#ge momentumfirénsier conision frequ.ency. Afnalysi.s shows
that this descrepancy results fro_in deviations in the electron distributién '
function because the actual éléstic-couision frequ;ncy is not the @eoreticdly

agsumed conatant.
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1. INTRODUCTION

‘The first Townsend ionization coefficient, o, is defined as the averdge |

number of ionizing collisions that an electron makes in a gas while drifting

1 cm in the direction of the electric field, E. For no magnetic field, there
is an extensive amount of literature on measuring this coefficient which shows

that a/p is a function only of E/p, where P is the gas pressure. 1,2 For hydrogen.

- measurements in a pure system show that o/p can be represented very well by

o/p = C, exp(~C, p/E) o S (1)

“in the range 20 < E/p < 150, where (.‘.1 and CZ. are emﬁirical constants. 3 The

most dependable methed of determining a/p is by measuring the anode current
while vérying_the electrode gap as the other param‘eteré are held Constant.z-

.. This miethod was used here in a cylindrical geometry even though very

cumbyxous; a few measurements were alao made by varyin}g pressure. 45

A theory of bow a/p is altered by a magnetic field B applied perpen-

, d}.cnlar to E has been derived by Blevin and Haydon. 6 They find that a/p

depends upon W, 7 the tatio of the electron cycletron frequency to the
momentum-ttansfer collisiog frequency, v ¢’ of the electrons with gas niol- |
ecules. In hydrogeh and helium, #, is often assumed to be constant. 7 By
assuming that v ¢ is a congtant and uging the equivalent pressure concept

P = p(1+4,27%) 2, Blevin and Haydon obtain
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ofp = c,1 sz,,a,lfz exp [-CZ (p/E)(1+ wbz'rz')"/z 1 . ‘ (2)
They then bn‘ggest_ that an average value of v ¢ ©ould be determined by compar-
ing their theory with measurements made in crogsed fields. Results a’h&vv that
‘the actual average v, is not obtained. because v_ is not constant, which

produce significant deviatlono in the electron distribution function.

2. APPARATUS AND PROCEDURE

The cylindrical electrode g’eo'matfry. magnet, and vacuum system have

been described in the preceding paper. The anode consisted of é stack of three
| copper 'tiugu. insulated i:?o_m one another and aligned by nylon washers and
pina# the top and bottom rings were grounded guard rings for inknting a uniform
- field in the central gap region. The cathodes were a set of replaceable alumixmré
cylinders of different diazneteré so that d could be vvai’ied' from 0.2 to 1.0 ecm
a8 ahown in Fig. 1. The electron current, i, to the middle anode ring was meas-
ured with a Keithley electrometer. The cathode voltage was variable from 0 to
1000 v with a Helipot _potentiometer acrose a regulated power aﬁpply. A small
pattetaA of \holeds in the 'anoda and a quartz window on the vacuurn chamber allowed
_the cathode to be illuminated with ultraviolet light from a Hanovia mercury lamp
wl;ich tests showed to have a constant light output.

In order to determine a/p, the ‘anode current. i, was measured as a
function of elactrede gapi d, while p, E, B, and the cathode emission, i ot Were
kept constant. The pracedure consisted of taking anode-curreant data each day
at a different d for predetermhmd values of p, E, and B. The major difficulty
in this procedure was that the iy corresponding to a given E/p and B/p varied
greaﬂ;r from day to day because of different cathode surfaces. The method for
making the meaaﬁrementa taken on different days correspond to the same io' is

‘now described. After the cathode photoemission became relatively constant at’



© made ueing this technique to compare with the values ef ther experiments-
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the beginning of a day's run, the electron emission in vacuum with B = 0 was
measured at fegular intervale during the run. Since tﬁe actual electron
emissién at a given E, .p. and B is directly pmportiona_.l'to the vacuum photo-
emission, these vacuum currents were uged to adjust the meaaurem;nta té.ken h
on digierem days to ccm values of 10- Mééeurementa were d.uplicate.d for
sevg;al d to check Areproducibulty; which was mostly within 20% (it became

a little worsge at the higher. B/p). Also measurements of a/p with B= 0 were

Y ;.,

"‘Jw

a.mp. Measnrement of the current to the guard“s? 8 ahowed

.u -10

o 10

that diffusive loas of electrons along B was negligible. Test measurements

, .showe& no observable difference when 1 to 3% air waa added to the gas in the

: chamber.a The parameters p: E, and B ranged from 1to 8 mumn Hg. 75 to

1000 v/cm, and 0 to 8 kgauss. .The random errors on the para.metere were

less than 1% for p and E and less than 2% for 1 and B.

A few later measurements were taken by varying the pmssura at a
constant gap (0.5 cm) while keeping E/p and B/p constant {(B/p=1. This was
much easier, because all date could be taken in one day. ‘

3. RESULTS
The coefficient a/p is determined foom |
a/i; = (1/pd) ln(i/io')- | _ | - (3)
which is obtained from a defining equation for a wifh the aeéomdary emission
congidered negligible. 2yt ‘Tlius a/p is obta&néd by plotting Ini as a function of

either d or p ata given E/p and B/p and drawing the best-fit sttaight line

through the points. I assume that any aecondary-emission ei’fects will show

up in an upward curving of the points at larger d or p. For E/p> 150, there
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is some disagreement as to the analysis needed to correctly determine a/p;
| secondary emission is supposedly important, even though a plot of In { vs d shows

.o upward c\irving. %5

Because my measurements (except for B < 0) are for
an eﬁqgﬁyé’ E/f' = Ef(l+ wbz'rz')?ﬂ less than 150, I have igﬁored this queation.
" Most d;té ‘show no uﬁard curving, and typ?cal aets are shown in Figg.?zs,‘aﬁd%

An intéreating observation is that the cuzves for different E/p do not
intergact the 4 = 0 axis at about the same pMa as is observed for
B=0 (E/p>25). The effective emission from the cathode is greatly decreased,
because many electrons’a.re bent by B and recaptured by the cathode. " Examina-
tion of ghe data for different ‘pf'eésures_ seeme‘_fi;o shéw that io is only a function
of E/p and B/p, with a very slight increase in 4y at higher p. Studies have
ahm that the effectivé emission (effect of backscattering) is only a function
of Efp. 10 It would be of interest to study whather or not the effective emission
in a magnetic field is a function .of E/p and B/p, as expected on the basis of
ﬂ‘aimphfa arguments. Receﬁt ,att‘empt‘a to extend the measurements to large
E/p at large B/p by varying-p with d = 0.3 cm gave results that were too large
when compared to the other values. Whether this effect came from difkusive |
loas‘ out the ends at small p oz increased 20 as p was increased was not
disg:§véred. |

The error on each value of a/p was obtained by judging the maximum
deviation in slépea vof the otraight lines that céuld be drawn through the set of
points. Also the values of a/p obtained at different: p for the same E/p and B/p -
were averaged together. The value? are tabulated in Table I. Any error due
to the slight divergence of E in tﬁe cylindrical geometry is insignificant. The
effect of amall amounts of impurities in the gas cannot be completely discounted,
bﬁt hydrogen does seem to be quite insensitive to contamina.nta. as observed by

other autho:a.é' 11,12
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" As indicated by the theory of Blevin and Haydon, a plot of in{a/p)

~ as a function of p/E should gm straight lines for various values of B/p.
The measured values are plottedA thus in .Fig. 4 for T = 20°C, with thé ex-
perimental error shown by the height of each plotted value. My results for
Be0 agree excellently v}ith, those of Rose in the range 30€ E/p < 150 whén

- corrected to the same temperature. 3 From a straight line drawn through my
values for B = 0, I was able to detgrz_nine the constants in Eq. (1). If we use

- ‘these constants, Eq. (2) becomes for hydrogen
ofp=5.4(14+ mb"'vz)‘/?' exp [.(139* 1)(p/E)(1+wb2-rz)‘/2 ], (4)

' Next. a value of the constant K=zw 'rp/B is chosen which gives a family of
- theoretical straight lines best fitting the experimental points. This fit yiélds
K= (5 6% 0.2) when B is expressed in kgauss and p in mm Hg at 20°C. ‘l’hese
theoretical lines, as showi: in Fig. 4, fit the data well except at the lowest values
| of E/p for each B/p. From the value found for K, the effective collision fre-
qﬁenéy Yoss corr'eapondj‘ixg to 7 ie (‘3'.1“; = 0.1)X log/aemmm Hg, which is con-
siderably smaller than the actual 'elas"tic-comsi:on frequency' v, vd_etermined
by other measurements. |
The only other results with which thege values can be compared avre to
be found in some unpublished work of Blevin quoted in Blevin and Haydon. 6
He made measurements ina planar electrode geometry for B/p < 0.3. To
compare their theory with experiment, Blevin and Héydon assumed a collision
frequency of 3.6 199/sec~m<ug. whic‘h wag incorrectly obtained from drift-
velocity data. Using his empirical constants to compare Eq. (2) with hia -
reaults. I find values of the effective couision ftequency ranging from 2.9 to

3.4X log/sec-mm Hg, which agre&s with my result.
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4. INTERPRETATION OF RESULTS

The momentum-tr’ansfer collision frequency Vo o reasonably well

" established by crosa-sectiorx measurements, reacheo a maximum value of

about 6)(1 09 p/sec ‘around 3.5 ev, gradually decrcaees at higher electron

energies; and rapidly decreasea below 3 ev. 13 At levels of measurable

ionization, the average electron cnergy is in excess of 4 ev.7' 1_3 Hence. it

-i8 reacona.ble to conclude that the average V, is at least 5X 109 p/sec. which

. is considc:’ablg’? larger than the v eff of 3.1X 109 p/sec. In effect, the measured
S , :

valueg of o/p are smaller than predﬁcted on the basis of the equivdent-presaure

' ’concept 1 shall analyze the ctfect of collisions in the cases of B = 0 and the

atrong-magnetic-ficlc! limit (m 2,255 1) to explain this dincrepancy
For B = 0, elastic coniaious determine the electron distribution by

keeping the electrons from r\mning away to high energies, and the transverse

13

drift velocity (along E) is inversely proportional to Ve Conversely. in the

:atrong«ﬁeld limit, the electrons are able to gain energy snd form a dxstri-
~ bution only by coniding. and the transverse drift velocity is directly proportional

to v ¢! 13 Using these ideas. we can see in comparing the electron distkibution |
for B = 0 with the "cquivalcnt-caergy‘" case for ihc strong-field limit that a
larger percentage of electrons have ionizing energies in the former case. .
Figure 5a fllustrates this effect; for elastic collisions oaly. it was shown that
the strong-field distribution ie Ma.xwenian Thus, just on the basis of elastic
coniaione. there ia slightly more ionization for B = 0 than the equivalent case
based on the average vc.
When inelastic collisions are considered. the effect of the nonconsta.nt

Ye becomes even more pponounced. Inelastic collisions continuou_sly place

" significant numbers of electrons in the low-energy region below 3 ev, where

Vc is small. For B = 0, most of these electrons rapidly gain back some

e energy But with a magnetic field, many of these displaced electrona beccme :

dozsm hat
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somewhat "trapped" at the low energies. The effect of iﬁelastic‘couisions
on a Maxwellian distribution is shown in Fig. 5b for the B = 0 ghtostrongidield
cases. | o

Caléula;ions show that the collidion effects discussed here are easily

: R

sufficient to explain the measured a/p being smaller than predicted from the

equivalent-_-px’essure:—_cénc'ept using the averagé Ve 1 have estimated the
r-e&uction in average eaetéy because of electron buﬁd-up at low energies by

“magnetic-field trapping." The flux in and out of the low-energy region by

drift-velocity and inelastic processes, respeceively. haVe been equated by

assuming an average energy losa of 9to 10 ev per inelastic conieion 14 A

;much larger percentage of electrons was found to have less than 3 ev fo'r‘the
equivalent atrong-,-ﬁéld case than for the B =0 cﬁ.ae- Computer calculations,

‘ using known values of the elasﬁc and inelastic cross sections in hydrogeh. _ |
are curtently underway to determine the {onization rate in a strong magnetic
ﬁeld. 15 Praliminary t_esum :how a very decided build-up of electrons at |
low energies. ’ o

) At low E,/p. 'the mé;snred values of o/p are larger than given by the
theor}etiéal curves. This is because inelastic collisions are not ’ao dominant
at low average energies in deterxﬁiniqg_ihe eneigy digtribution, é.nd 80 the

| dist;'ibution a.pproaéh'ea that predicted when the average V e is used. Similarly,
at large E/p, the aétual values ghould fall below those given by.-the theoretical

| curveé~ Again , this {s bécauae éf the arguments already presented showing

that the real values need to £au below those predicted on the basis of the
momentum-transfer collision frequency. Measurements of Robertson and

Haydon for somewhat larger E/p(B/p <0.4 kgauss/mm Hg) than reported here

seem to follow this trend. -2
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Table I. Measured values of a/p in ionizations per cm-mm Hg at 20°C as a
function of E/p in ¥/em+mm Hg and B/p in kgauss/mm Hg. Errors on sets
‘of values and individual values are given in footnotes. 4

| Bfp B
£ 0.25% 0.5% 12 . 2P 4P
so“ | 0.11 |
62.5 = 0.21 - 0.04°
75 . 0.38 0.12¢
875 0.58 - 0.7
100 0.82 029 0.04°
125 - 130 0.60 0.12°
150 096 0.21®
175 B 1.45 0.40
200 1.96  0.64
225 - 2.4 |
250 o | - 1.35 0.20°
300 2.25 . 0.38
350 | . |  o.80¢
400 | B S st

450 | P 15
500 o _ 2.6 0.3
600 - 36 0.90

a. '»'5% ervor
b. 10% error
¢. 25% error
d. 15% error

e. 60% error

S 4 e P24 0 0 e ittt



- " UCRL-10017

FIGURE LEGENDS
Fig. 1. Experimental details for measuring a/ﬁa‘ Aluminum cathodes
and a copper anode are centered with an epoxy-resin base having &
€ brasa'centar post.
Fig. 2. Sample data. for determining a/p by measuring the anode current
asa £uaction of electrode separation. Note that two measurements
. have been made at d = 2, 4, 5, and 6mm.
Fig. 3. Data for measuring a/p byvvarying pressure at a gap separation
of 0.5 cm. The ratio of magnetic field to pressure is B/p = 1 kgauss/mm
. 'ﬁgMT#ZGQC. '
‘Fig: 4. First Towndend coefficient as a function of p/E for T = 20°C.

- The thrée additional points (open triangles) for B/p = 1 are those
@btained by va.rying’pres's?ure. Heights of points 'represe’nts experi-
‘mental error. Family of theoretical lines best fitting pointa is sBhown -
where w7 = 5.7 B/p. | |

Fig. 5. Dietribution of electrons as & function of the éhcfron velocity.
(a) Effect of elastic collisions only. The strong-field case and B s 0
case have the same equivalent energy. {(b) Effect of inelastic cole
ligions on a Maxweman distribution for the strong«field and B = 0 cases.
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