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PREFACE

The mobility, ji , and attachment rate, ~~, in air are primary

parameters in the calculation of the electromagnetic pulse generated by

atmospheric nuclear explosions . These parameters determine the conduc-

tivity in ionized air, which limits the peak electric field generated

by Compton recoil currents.

These parameters depend in a complex manner on the electric field

(via the effect of electric field on average free-electron energy) and on

the water vapor content of air (which also affects the electron energy

distribution , decreases the mobility and participates as a third body

in the attachment).

Previous experimental data hav e been reviewed by Longley and

Longmire . 1 The only data that existed was the effectiveness of FL,O as

a third-body with no E-field applied . For lack of a better model , th ey

assumed that the third-body effectiveness of 1120 ~cns constant relative to

0
2 
over the electron energy range. Using this assumption they constructed

a model for predicting ~ and a as a function of 1120 content and electric

field. Some AURORA experiments were performed by UDL to check these

values at realistic pressures and dose rates.. 2 The results were some-

what scattered , but suggested that the effects of 1120 on ~ and Cf had

been overpredicted . The experiment s reported herewith were conducted to

resolve these uncertainties.
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SECTION 1

1.0 INTRODUCTION

The experiments described in this report measured electron attach- -;

ment and mobility in air as a function of electric field and water vapor
partial pressure. The relevant rates were inferred from measurements of

the current across a parallel plate ionization chamber to a short pulse of
ionizing radiation .

The electron density, n, in an air gas sample exposed to ionizing

radiation obeys the relation:

~~~= K g D P ~~ aN

a K0 0
N~ + KO N  N

0 
NN 

+ K0~~~~ 0 N0 NH 0 + K
0
N
0

where K
g 

is the electron-ion generation per unit volume and dose at one

• atmosphere pressure in the gas mixture; D is the ionization dose rate in the
gas; p 

~s the gas pressure referred to standard temperature; N02, NN2, and

NH2O are the respective molecular densities; K02-02, K°2~~~ 1 and K02.H20
are the rate constants for three body attachment of electrons to 02
stabilized by 02, N,, or 1

~
12O respectively; K~j2 is the two-body attachment

coefficient for electrons to 02 (at the higher electron energies). In the

experiment the electron density was inferred from a measurement of the

electron drift current across a parallel plate ionization chamber:

3 
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I = e A n ~~~E

where A is the effec tive plate area, ~ is the electron mobility, and E is the
electric field. The rate of creation of elec trons by the ionization pulse is
deduced from the dose rate: g = Kg i5 P, where b is the dose rate, P the pres-
sure, and Kg is a constant dependent on gas composition .

The coefficients a and ~ are a function of the gas composition and of
the energy spectrum of the drifting electrons. The latter is determined by

ElF’ and the gas composition (e.g., H20 is much more effective in thermalizing

electrons than N2 or 02).

-8 -l .At atmospheric pressure in air, a .— 10 sec . Therefore a signi-

ficant fraction of the e lectrons are attached during a radiation pulse of
duration .~ 15 as. At reduced pressure a can be decreased to the point that

attachment during the pulse is negligible.  In this case the mobility , ~s ,

can be deduced from the peak current, 1, and the electron density, which is
inferred from the known dose , D = Thdt. The value of a can be inferred from
the decay of the current after the ionization pulse. At atmospheric pressure
we can infer Wa from the the relation:

e A~ L E K P D
fIdt = e 0

A~~~E fndt = — ~~ a 
g

This relation is true for all values of a as long as the other terms are

constants and there are no competing electron removal processes.

In practice this experiment has to avoid , or correct for , a number
of interfering processes; including :

1) Electrons and ions may recombine at high ionization
densities.

2) Electrons swept out of the ionized gas onto the
anode no longer contribute current at later times.

4
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3) The space-charge layers due to ions left near the

cathode decrease the electric field where the

electrons are moving .

4) The external circuit may decrease the bias voltage

app lied to the ion chamber while current is flowing .

5) Capacitive coupling of the output signal to the

measuring instrument may distort it.

6) Net Compton electron currents to the sample plates

interfere with the measurement of conduction currents .

In addition, the precision of the data depends on the following calibrations :

1) dose in the ionization pulse , D;

2) dose-to-ionization density conversion factor, Kg;

3) effective area of the ionization chamber , A;

4) pressure , P, and composition of the gas,

5) voltage applied to the chamber and plate spacing ,

which determine the applied electric field , E0;

6) calibration of measuring resistor , which relates

output voltage to current;

7) voltage calibration of measuring oscilloscope , and

8) time base calibration of measuring oscilloscope.

In Section 2 we will discuss the details of the experimental

equipment and the data processing. The determination of relevant calibra-

tion factors will be discussed in Section 3, followed by the experimental

results in Section 4. A summary of the data and conclusions will be

presented in Section 5.
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SECTION 2

2 .0 EXPERIMENTA L DETA I L S

2. 1  Ionization Cell

The cell assembl y used to conta in t h e t est ~~scs du r ing photon

exposures is  shown in Fi gur ’~ 2 .1 .  Each of th e three ce l l s  was designed t ü

be a p a r a l l e l  p la te  ionizat ion chamber with a center insu la t ed  e lect rode and
two equidis tant  ground electrodes on either side . The body of the cylinder

.as constr ucted using aluminum plates and an alum i num th in-wal led  tube was
used to main ta in  the correct separation betwe en p la tes .  In order to pro-
vide for vacuum conditions inside the test cel l , an 0- r ing  groove was
machin ed in the tubing and a hermet ica l ly -sea led  BNC connector was used
to ele c t r i c a l l y  coup l e to the center  electrode . An aluminum tube was
welded through the sidewall to provide a gas filling and vacuum port.

During a ll tests  in wh ich wat er v apor was par t of the gas m ix ture

used in the cell , a number of hea t ing  tapes were wrapped around the cell
• assembly to obtain and maintain temperatures well above t~ te conden sat i on

point . Several  thermis ters  p laced at d i f f e ren t  locations on the cell

assembly provided a measure of the temperature distribution .

2 .2 HIFX

The photon genera tor  used for these experiments was the High In t en-
si ty  Flas h X-Ray machine operated and ma in t a ined  by 111Th . It provides an

6
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Figure 2.1. Ionization cell assembly used in HIFX Air Chemistry Experiments.
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- — Crowbar ’’ mode result iia~ in  a pu l s e  ha t in g hH.’-T 15 ns. L )ur i ag t e s t  i n g ,
severa l parameter s were monitored by l ID !, t o  measure va Fiat ions in he
d e l i v e red rad i at ion pu l se ;  these  wer e  p rov i d ed  t o  us as a sin gle o s c i l l o —

— scope photogra p h show ng diode v o l t a g e  and s w i t c h  operat  ion.

In addition , a s c i n t i ll a t i o n/ p ho t od iode  was  ope ra ted  by us du r ing
part  of t h e  exper inert to  observe the r a d i a t i o n  pu l se  behind the ion i :at ion

ce l l  assembl e .

2.3 Coll imat or Geome try

.-\ speciall y constructed lead c)llimator was used during these tests.

Two p ieces o f one cm a luninum p l a t e  were placed in the beam - one between
the lead collimator and the cell assembly , the other at the rear of the ccli

assembl y . The pur pose of these p la tes  was to provide a t o t a l l y  u n i f o r m
environment around the test cel l s  so that  any scattered rad ia t ion  passes
throug h the sam e amount of sh i e ld ing . The ins ide  of the lead c o l l i m a t o r  w as
lined with 0.3 cm of aluminum to minimize radiation scattered from the lead

entering the beam. Figure 2.2 shows a top view of the experimental configu-

ration . The combination of thin center electrodes and collimated radiation

reduced the net Compton current into the measuring circuit to neglig ible

levels.

2.4 Measuring Circuit

• All of the data to be discussed in this report were obtained

while using the circuit shown in Figure 2.3. Noise , although troublesome

in the beginning , was reduced to a level well below most of the experimental

data. A few shots made with only 2 Volts applied across the test cell had a

signal-to-background ratio around one but all of the other data had a ratio

greater than ten when using the peak signal as a reference. Shielded data

lines were brought out of the test area into the screen room and the si gnal s

displayed and photographed on Tektronix 150 MH z oscilloscopes . Separate

high-voltage power supp lies for each cell were used . The center cell alone

8
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Figure 2.2. Top view of the HIFX experimental configuration .
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used a power supplY with both positive and negative isolated lines allowing

us to p lace l O O K res is tors  in the data circuit  for addi t ional  i so la t ion .
Also , the cen ter cell  alone had the 10 ~~ monitor l ine brought in to the
screen room and measu red on an ammeter .

2.5 Gas Handl i ng and Measuring

The gas flu x i n g  system is shown in Figure 2 . 4.  A premixed bot t le  of
N , and 0, ( labeled dry air in the f igure)  was purchased from Matheson who
also provided  a cer t i f ica ted  measurement of the contents , v i z . ,

80 .5b~~,

02 = 19,~~4°~.

I f e l i u m , nit rogen and oxygen also purchased from Matheson wer e of re search
pur i ty  g rade , i . e . ,  less tha n O. O 01° ~ impuri t ies.  The SF 6 was provided by

HDL and had less than 1 .00 % impur i ty  content .

Ic ater \ apor came from a container  of d i s t i l l e d  water hold at a
tem perature  above 4O~ C. The par t ia l  press ure of water  used to f i l l  the
test cell was measur ed , and was always well below the 400 C vapor pressure .
Since the ent i re  cell assembly and all connecting l ines were main ta ined  at

40° C , condensation was min ima l .

Iwo other  techni ques were  u sed to dete rm in e the amoun t of wat er in

t he test  c e l l .  F i r s t , a dew point  measurement was used in which  the gas

mixtu re  con ta in ing  the water  vapor was introduced in to  a glass ce l l  con-

st ructed as shown in Figure 2 . 5 .  By c a r e f u l l y  observing the mir ro red

sur face w h i l e  i t s  temperat ure  was reduced , it was sometimes possible to

* Mathcso n , 8800 Utica  Avenue , Cucamonga , CA 91 730.
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CM
.01 fd i gnal RM

Chamber 

_ _  

50Q

10 Meg .

( \ H . V .
Monitor

~~~~ BNC

CM
.01 pfd Si gnal RMF BNC to Osc i l los co pe Term i nat ion 50 Q

BN C Rs
~2 Cell 12�2 100 K
Chamber .~~~i 

.j A/~4~ -f’~~ High  Vol ta ge

560 pf 

10 Meg.

100 
+ High Voltage

~~~~ i~~~tor 
K

Figure 2.3. Termination , h ig h vol ta ge an d da ta l i n e  c i r c u i t use d dur i ng
HIFX air chemistry experiments.
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Thermal System
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Ioniza ti on Cel ls
r I I

I I
I I
I I
I I

I Metering 1I Valve
I ,.I7~t Q + T o Sample

I ‘~~~‘ I I Cell or Dew
I Manometer j Po i nt Cell

_  
0 ( 1

LH2O I
10
I I

• _ _ _ III ~
L
~~

I ~ 
_____ E!d EEl Lii Li] I~1

Figure 2.4. Gas mixin g system for the HIFX air chemistry experiment. The
Thermal System was used to maintain all components in contact
wi th H20 at or above +40° C.
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I ~ 2. 5:: 

i ~~~~~ System
Cell

Mirror  Pol ishe d Chrome11 cm 
,~
‘Plated Nickel-Stainless Steel

/ To Rea dou t

1

1
~~...—Thermister 

Circuit

_________________ 
,o.._ “~ •~~~~‘%~ ~~~

-.-•.- ‘%.‘%,~~ . ~~~~~ _____________________

2mm Cu Plate

Figure 2.5. Apparatus used for dew point method of measuring

water concentra tions.
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p.

ascer ta in  the  onset of c o n d e n s a t i o n .  Then by n o t i n g  the t empera tu re  and

k n owi n g t he pr essure , i t  was an easy  ex e r c i s e  to look up the p a r t i a l  p re s su re
of 11 )0 at that  p a r t i c u l a r  dew po in t  and convert the resu l t s  in to  a wa te r
co ncentra t ion v a l u e .  Unfortunately , the method was not a l w a y s  prec ise  in

t hat the onset of condensat ion occurred ve r y  s lowl y wi th  a r e su l t ing  spread
in temperature over severa l  degrees.  Therefore we obtained use fu l  data
for onl y one of t he gas m i x t u r e s .  The other techn i que used to measure the
amount of water’ in the gas sample consisted of ob ta in ing  a samp le of the

gas in a vacuum t i ght f l a s k  an d havin g t he cont en t s an al y:ed by an m dc-
pendent laboratory u s i n g  gas cromatograp hy. This was done for three ‘

gas samples.

A typ ical  gas f i l l ing sequ ence b egi ns w ith the  evacua t ion o f a l l

l ines and the test  cell  to a pressure below I x ~~~~ Torr . For wet air shots ,
the vacuum pump v a l v e  would be shut and the water valve opened u n t i l  the
pressure inside the cell  reached the desired value , as indicated on the mano-

- . meter .  The n the water  valve was closed and the dry air cy l inder va lve  opened

un t i l  the desired f ina l  pressure was reached. At that  t ime , the test cell

val ve was closed and the dry air  f low stopped . A s imi lar  procedure was
used to un ix a 5% 0 , and 95% N 2 gas m i x t u r e  dur ing shots 142 - 145.  -\ l l  of
the other shots used a sing le ga s cy l inder ’ s con t en ts and the cell  f i l l i n g

co ns is ted  on ly  of evacuating al l  of the l ines and ce l l  and then s lowl y f i l l in g

th e cell  w h i l e  r ead ing  the manometer (except  for the he l ium c e l l s  as
desc ribed in the next sec t ion .

2.6 Dose Measurement

The purpose of three ionizat ion ce l l s  for each shot was to provide

a dose ca l i b ra t  ion b u i l t  in to  the experiment  and not have to r e l y  upon TL[)

or o ther  ex te rnal  means to measure the dose.  A l so , s in ce the re  was some

* Gol lob A n a ly t i c a l  Service Corporation , 47 Industrial Road , Berkeley
Hei gh t s , NJ 07922.
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attenuat ion of the beam due to the aluminum plates this loss could be deduced

h~~ comparing the front and rear cell’ s measured s igna l s .

The outer cells were filled with a mixture of (..~0.l - 0.3%) N2 and

(99 . 7-99.9~ ) Hel ium.  No a t tempt  to accurately determine the N, was made

but an est i mated pa r t i a l  pressure of 1 Torr of N 7 mix ed wi th He inside the
c e l l .  The purp ose of this  de l ibera te  contaminat ion of Hel ium was to insure
that  the energy required to Produce one ion pair was 30 eV in agreement wi th
the Penn ing Ef fect. 1 By measuring the to ta l  number of e lectrons produced in
H elium , the dose cou ld then be calculated .

Dur ing the test ser ies , three d i f f e ren t  doses were used for dif-
ferent  shots. They were produced by inser t ing  addi t iona l  sh i e ld ing  between
the cell assembl y and the beam. The three conf i gurations are shown in
Table 2 .1. A photodiode was placed behind the ce l l  assembly dur ing shots
29-1 26 . The record thu s obtained gav e a means to compare the shot- to-shot
va r i a t i on  in pulse shape and ampl i t ude .

Table 2.1. Shielding used to obtain different doses.

DOSE SHrELDING*

Hi gh None

Medium 10 cm Al

Low lO cm Pb

* The a luminum plate placed between the collimator and
the cell assembly remained for all shots. This table
indicates additi onal shielding.
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.7 Data Process i n g

All of the data obtained during this experiment were on oscillo-

scope photographs showing voltage-time relations. Prior to analysis ,

these data were digitized and stored on cassettes using a Tektronix 4956

Graphics Tablet connected to a Tektronix 4051 computer terminal. Referring

to Figu re 2 .3 , before a value for the current produced in the ioniza t ion

cell can be inferred from the oscilloscope photo , a correction must be applied
to account for the effect  of the circui t .  This was done during analys is  of
the d ig i t i zed  data , again using the Tektronix 405 1.

The current produced in the ionization cell , 1(t), is related to

the oscilloscope voltage , V (t), through the following equations.

1(t) = 11(t) + 12(t), (2 . 1)

11 (t) = ~~~~~ V1(t) 
— 

~~~~ 

e t
~~~~

RSCS d6, (2.2)

= V ( t ) / ~~1 , (2 .3 )

v 1(t) = V(t )  + ~~~~fV(O)d6. (2.4)

Calibration measurements of the parameters R M~ 
C~1, Rs~ 

and C~ were made
• and are discussed in ‘Section 3 of this report .

Two additional corrections were applied to the data: one to ac-

count for sweep-out of the electrons; the other for the change in voltage

due to the boundary layer near the cathode . The current generated by the

ionization chamber is given by

1(t) - A e0 
n ~ E(1 — , (2.5)
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- where X =f~ E dt ~Et . (2.6)

and d is the plate spacing . The attachment coefficient enters this equation

through n, viz.,

n = no exp( c~t), (2.7)

where n0 
is the total ionization-produced electron density. We define

cz , the measured logarithmic decay slope, by

i d I
a = —  . (2.8)

To first order in the correction terms:

c i = a +  
ii~J d  

— 
i d E

l-~iEt/d

or ci = ct _ i ~~~[l — + 
~~~~~~~~~~ ( 2 .9)

which corrects the measured value , ci , for sweep-out and the boundary layer

voltage .

Bounda ry layer buildup , XBL~ 
results in a change in voltage ~l.E,

across the ion i za tion cel l . Equations defining these terms are

v - 

~~E 2 10A BL~~~~~ o’

n
and ~xE = ~ L 

(2.11)
2 E  d

0

These are the approximate thicknesses of the boundary layer and the change
in bulk electric f ield at the end of the a t tachment  process. The e f f ec t i ve
electric f ield during attachment is somewhere between E 0 and E0 — U i .

17
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For the data to be presented ~E/E < .1 and no corrections for

the electric f ield changes by the boundary layers was applied . When sweep-

out was important , ci was measured at the beginning of the decay onl y and

the correction app lied: a = c( — ~E/ d .

18
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SE CTION 3

3.0 CALIBRATIONS

3.1 Molecular Density Calculations

For all shots made during this experiment , the two outer cells

contained the same gases and were both pressurized together . In all cases ,

they were filled with a mixture of ~0.l-0.3Y~ N-, and (99.7-99.9Jt lie . No

attempt wa s made to accurately determine the N 2 but an estimated partial
pressure of 1 Torr of N2 mixed with lie inside the cell to obtain the

desired final pressure. The purpose of this deliberate contamination of He

was to insure that the energy requi r ed to produce one ion pair was 30 cV
in agreement with Penning ionization. Then by measuring the total number

of electrons produced in lie from a sing le radiation pulse , it was possible

to calculate the dose (see next section).

Several d i f fe ren t  total  pressures were used in the He cells for

d i f f e r ent shots. Table 3.1 lists all of the configurations during which

use ful  data were obtained .

C e l l  ~2 was used as the ionizati on chamber fo r several  ga s m ix t ur es

f rom which the e lec t ron  m o b i l i t y  and a t tachment  were measured . T a b l e  ~~ . 2

shows a l l  of the c o n f i g u r a t i o n s  u sed dur i ng 1111-N t est  ing .  O f fundamental

impor tance  d u r i n g  these measurements  was the exact  m o l e c u l a r  c o m p o s i t i o n  of
the  c e l l  . I mp l i c i t  i n t h i s  s ta tement  i s  the  requi rement  t o  s i m u l t a n e o u s l y

know the t empera tu re  and pressure  fo r  a l l  of the  gas spec ies con ta ined

19
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Table 3.1. He cell (Cells 1 & 3) pressure used for various shots.

He Cel ls  Total Pressure
Shots (atm )

30-34 1.0
35-65 0.5
66-76 0.4
77-83 0. 1
84-148 0.4

Table 3.2. Gas mixtures contained in Cell #2 for different shots.

Shots Total Pressure @293°K (atm ) Gas Mixture (Mole. Fraction)

30-38 .99 (1.0) 02

39—40 .0993 (1.0) 02

41-53 .25 (.804) N2 
- (.196) 02

54-65 .99 (.804) N2 
- (.196) 02

67-81 .50 (.804) N2 
- (.196) 02

82-84 .99 (.804) N2 
- (.196 ) 02

85-98 .47 (.043) H20 
— (.769) N2 

- (.188) 02

99-116 .47 (.0229) H2O-  ( .786 ) N2 - (.192) 02
117-126 .46 ( .02 )  H20 - (.788) N2 

- (.192 ) 02

127-129 .42 (.055) H20 
— (.76) N2 

- (.185) 02

130-140 .91 ( .0275) H20 -  ( .782 ) N2 - (.153) 02

142-145 . 9 0  ( . 9 4 9 )  N
2 

- ( .051)  0
2

146-148 .93 (1 .0 )  SF
6

20 
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in the cell. Several different techni ques and measurements were used to

provide this  in format ion .

First , the gases obtained from ~lathcson were precisel y 51)eCified .

Many shots were made after filling Cell ‘2 with pure 0-,, dry air , or SF6
.

For these cases , the total pressure and temperature during filling were

enough to deduce the gas density. This was accomp lished using the mercury

manometer and thermisters mounted on the cell assembly.

As indicated in Table 3.2, shots 142-145 were made while Cell ~2

contained (.95) N, and (.05) 02 gas mixture . These mole fractions were

determined using partial pressure mixing of pure N 2 and 0,. Of course ,

the temperature was held constant during this mixing so the final density

could be deduced .

The most difficult gas mixtures to specify were those in wh i ch water

vapor was added to dry air to obtain the desired wet air composition. As

described in Section 2.5 , three different measurements were made of the water

content. The results are shown in Table 3.3. All water mixing and testing

of the mixture required that all components in contact with the 1120 be main-

tained at an elevated temperature in order to prevent condensation. A

temeerature of +40°C was used to accomplish t h i s  and provide an adequate

marg in above the dew point for the largest amount of water used . Several

thermisters were mounted around the cell assembl y te  record the temperature

held at or above +400 as was all tubing used to connect between the cell

assembly and the gas mixing system .

There was concern over the possibility that sequential filling

of gas would produce a non-uniform composition between the gas-filling

network and the sample chamber. In particular , it would be easy for the

filling system to be comparativel y rich in the gas spectes added later.

21
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— in  these expe r imen t s  we always added the  species in order of inc reas ing

J ’I’essure.  The vol ume of the g a s - f i l l i ng  n e t w o r k  was 3°o of the volum e of

- 
t he  sam p le chamber .  Therefore , s ince  no snore than a l l  of the gas species

except the  last  can be expel led  from the  g a s - fi l l i n g  network  i n t o  the sample

chamber , the f r a c t i on a l  c o m p o s i t i o n  of a l l  species except the  l a s t  can be

too large by no more than .001 ‘i.

3.2 ~~se Calculat i ons

The q u a n t i t y  of p r ima ry  in te res t  is the number of e lec t ron- ion
pa i r s  per unit volume formed in the samp le chamber times the area of the

electron-ion cloud . The ion-pai r  dens i ty  wi thou t  the area also appears in

small correction terms for the electric field. Since the photon beam is

c o l l i m a t e d  to an area s m a l l e r  than the e f f e c t i v e  area of the ion chamber

electrodes , we expect the dose >~ area product to be almost constant in

) a s s i f l g  throug h the three  ion chambers (except  for very smal l  a t t enua t i on

in the  Al walls and electrodes) .

l’he va r i a t ion  of dose between photon pu l s e s  wa~ measured w i t h  a

sc i n t i  1 l a t o r -p hotodiode fu rn i shed  by I1 DL and by the peak cu r r en t  in the

h e l i u m — f i l l e d  j on chambers .  The s tandard d e v i a t i o n  of the  pu l se  hei g h t s

was a pp r o x i m a t e l Y  6’i. For the  present , no co r r ec t i on  for i n d i v i d u a l

Pu l s e  v a r i a t i o n s  were appl ied .

The a b s o l u t e  i o n i z a t i o n  ra tes  fo r  the  th ree  i n t e n s i t i e s  were

deduced b y f i v e  m e t h o d s :

1) measurement  of peak current  in the  l ie  ion chambers ,

U s i n g  an assumed d r i f t  m o b i l i t y  for e l e c t r o n s  i n

He , and a r a t i o  of i o n i : a t i o n  e f f i c ie n c i e s  i n  a i r

r e l a t i v e  to l i e ;

2) measurement  of the  t o t a l  ch a r g e  co l l ec t ed  in the

lie ion chambers  and a r a t i o  of i o n iz a t i o n  e f f i c i e n c ie s

in a i r  r e l a t i v e  to  lie ,
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3) measurement of peak current in 20:1 N,:02 and an

assumed m o b i l i ty  in N 2 (neglecting the effect of

< ~ °2 on mobility );

4) measurement of the dose in front and beh i nd the ion

chamber s with thermoluminescent dosimeters ILD ’s)

and deducing the effective beam area from the geo-

metry of the photon source , collimator and ion

chambers; and

5) for the medium and low in tens i ty  conf igura t ions

the dose was calculated from the high-intensity

calibration by the ratio of scintillator-photodiode

readings. In reducing the data the dose was converted

for an effective beam area of 300 cm , the energy

loss per ion pair in air was assumed to be 32 .5 eV ,

and the energy loss per ion pair in N 2 contaminated

lie was assumed to be 30 eV .

The signals in the lie ion ch am be r s exhi bi ted the ef fec t  f Penning

ionization of impurities (presumab ly the .1% N 2 added purposely) as a short-

term increase in current . Figure 3.1 illustrates this behavior . From the

time scale H’SOns) and the N2 density (~
...1.5xlO 16 cm

3
) we can estimate the

cross section for ionizing N, by He metastables to be ~ 10
14

cm
2
, a reasonable

value. Therefore, the signal shapes justify the use of the value of 30 eV

per ion pair when applied to the extrapolated peak current.

At the sane applied voltage the two ion chambers (front and rear)

disp layed the same current , within the accuracy of the measurement . The

peak current in the He chambers was measured as a function of app lied electric

field. The results are plotted in Figure 3.2 for the three configurations:

Ii (no shield) , M (10 cm .-\l shield) , and L (10 cm Pb shield) . The fourth

24
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Figure 3.1. Signals from the two He ion chambers for Shot 95 showing the

increase in current after the radiation pulse due to Penning

ionization. Vertical scale is 40 nV/cm; horizontal scale is

20 ns/cm .

curv e on F i g u r e 3 . 2  is the  pub l i sh ed da ta  on the  d r i f t  v e l o c i ty  in  lie . Ihe

obser ved b i a s  dependence agrees very w e l l  w i t h  t h i s  slope up to the onset
of a v a l a nche m u l t i p l i c a t i o n  at hi g h values  of 1i0/ P .

Table  3 .4  pS.’esents the r e su l t s  of these c a l i b r a t i o n s .  The TLD
read in g s  exh ib i t ed  a la rger  ratio of back-p la n e dose to average dose fo r the

L co n f i gur at io n tha n for the H and M con f ig u r a t i o n s , i n d i c a t i ng t h a t  the more
energetic radiation penetrating the 10 cm lead shield was less divergent than

the  u n a t t en u a t ed  radiat i on. Therefore , the reading of the  s c in t  i i  lator-

photodi ode (which was located at the back p lane) was multiplied by an average/

h a c k — p l a n e  correction derived from the ‘FLU data.

25
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Fi gure 3.2. Bias dependence of He ion cham ber curren t.
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Table 3.4. Dose calibrations.

Dose Values in Rad (air)

C O N F I G U R ATION

~1iJttQ_p, ~1_

He Current 15.1 4.00 0.64

He Charge 14.7 3.45 0.52

N2 Cu rren t --- -  - - - -  0.61

TLD 12.3 2.4 0.34

*
Scintilla tor Ratio - ---  4 .06 0.63

Value Used 14. 7 3.9 0.64

* Using a correction factor for the ratio of center-chamber dose to

back-p lQle dose derived from TLD readings.
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3.3 Physical Dimensions

The important dimensions are the ionization cell spacing and the

radiation beam area as it moves through the cells. The former were measured

prior to the experiments during cell assembly. Since the center electrode

consisted of a sheet of .0025 cm Al foil , special care was required to obtain

and maintain uniform spacing between plates. Measuring the gap at many
• po in t s  around the plat e insured that  th is  un i fo rmi ty ,  in f act , was rea l ized .

F igu re  2 . 1  shows the average value for each cell  ga p.

The beam area passing through the cells was defined by the colli-

mnator; Fi gure 2 . 2 shows the relevant dimensions. The cell assembly was placed

on a wooden table in front of HIFX at a distance of 61 .7 cm from the anode.

Limiting the beam aperture at the collimator ’s exit to 17.5 cm insured that

the beam spread while traveling through all three cells will be less than

4 cm for a total beam size less than 21.5 cm upon leaving the cell assembly.

Referring to Figure 2.1 , we see than a 25.4 cm window in the cells adequately

contains the entire beam.

3.4 C i rcu i t Parameters

As discussed in Section 2.7 , exact values for the circuit elements

were required in order to produce accurate values  for the i o n i z a t i o n  current .
These values were measured upon test completion using several different

precision instruments.

The resistors were measured using a Wheatstone Bridge supp lied by

HDL. A capacitor bridge was used to measure values for the several circuit

capacitors. Measured values are shown in Table 3.5.

28
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Table 3.5. Measured values for the circuit elements.

• Cell Num ber RM (Ohms ) CM (~fd) R5(Ohms ) C5(~fd)

1 50 .00845 13.14 .00991
2 50 .00926 12.54 .00996
3 50 .00867 12.13 .00767

A calibration of the voltage app lied to the ionization cells was

also conducted upon test completion . Cell ~‘2 u sed a monitor line during the

tests so that a measure of shot-to-shot variations could be obtained. Table

• 3.6 shows the results of the measurements along with the calculated values.

All voltages were within 10% and except for 2, 5, and 2000 \‘ were within 2%.

Larger variations occurred in the current measurements due probabl y to resis-

tance changes when subjected to voltages of I kV or greater.

The oscilloscopes used during the tests were calibrated both before

and after the experiment. Time bases were compared with a standard generated

by a Tektronix Type 180A Tine Base Generator . No observable discrepancies

• -were noted. Amplitude calibration of the various vertical amplifiers used in
the oscilloscopes were made using the calibration pulse from a Tektronix

Type 485 oscilloscope. To duplicate the experimental conditions , all of the

data lines were included in this calibration. While makin g this calibration ,

one of the pre-amps for Cell ~2 failed . After returning to San Diego , all of

the data were examined and for many shots , both preamps for Cell ~‘2 used the

29
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Table 3.6. Results of measureme nts and calcu lations for the voltage
applied to Cell # 2 .

VOLTAGE C U R R E N T  (~ A)
/~P P L I E D  1

VO ’ TAGE CALC/ CALC/
L CALC MEAS MEAS CALC MEAS MEAS

2 1.92 1.77 1.09 .19 .18 1.06

5 4.81 5.08 .94 .48 .49 .98

10 9.62 9.62 1.00 .96 .91 1.05

20 19.23 19.26 1.00 1.92 1.81 1.06

50 48 .08 48.07 1.00 4.81 4 .51 1.07

100 96.15 96.15 1.00 9.62 9.08 1.06

200 192.3 192.2 1.00 19.2 18.5 1.04

500 480.8 490.4 .98 48 .1 47.7 1.01

1000 961.5 977.0 .98 96.2 105 .92

2000 1923.1 1750.0 1.10 192.3 237 .81

* 
I

VC 1  = VApp i 
— = .962 V APP 1

V Ca l c1Ca lc
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same gain settings . Thus a comparison of the signals allows for a check on

the failed pre-amp . we conclude that it must have failed after the experiments

were completed . No appreciable errors were noted and no corrections were app lied

to the data in this report as a result of oscilloscop e calibrations.

3 .5 Back ground S ig nals

Figure 3.3 i l l u s t r a t e s  the  si g nal  observed w i t h  no b ias  v o l t a g e  on
ti-se samp le chamber. This si gnal appeared to be independent of gas sample;

it has the shape of the first derivative of the ionization pulse (apart from the

small circuit oscillation after the pulse) . The peak charge halfway in

the pulse is 4x1O~~ coul.

•\ signal of t h i s  shape is expected from the space charge of Compton

electr ons moving through the samp le chamber. An estimate of such a si gnal

follows:

0
Dose r a t e  10 rad/sec ,

- 12 9 -~~~

Compton cur ren t  densi ty  (2x10 )x l O  = 2xlO A/cm ,

Average longitudinal electron velocity cm/see ,

Spac e cha rge  density 2x10
13 

C/cm ’, and

Charge i nduced in center electrode 2 x ( 2 x l 0 ~~~~)x30 0 cm x
( . S c m / 2 )  3x 10 11 Co u l .

The agreement is well within the  accuracy of t he  estimate.

The apparen t  net charge at l a t e  t imes  in the  r ecord f rom Fi gu re 3.3
is ~ l0~~ (;oul. ibis compares with net charge measured in 1 atm pure 02 at

o n l y  3 V app l ie d ft = 10 ~‘/cm) of 1 . 1x10 C o t i l .  Therefore , t h i s  back ground

s i ~~s i a 1  is neg lig ible at all fields larger than 10 V/cm , part i c u l a r l v  in a i r .

31
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Figure 3.3. Signal observed on Cell #2 with zero Volts applied dur ing

Sho t ~30; gas was 1 atm pure 
~~ 

Ver tical  scale i s 2OmV /cm;
hor i zon tal scale i s 10 ns /cm .

~~~~~~~~~~~~~~~~~~~~~~~~~~

1i

Figure 3.4. Signal observed on Cell #2 wi th 1000 V app l ied dur ing  Shot
#147; gas was 1 atm SF6. Vertical scale is 100 mV/cm for the

top trace ; 20 mV/cm for the bottom one ; horizontal scale is

10 ns/cm.
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I’he back ground was also checked with 1 atm of SF 6 in ti -sc ch amber .
Since SF6 

is a very rapidly attaching species , very l i t t l e  prompt s i gn.1  is
expec ted . At Ii = 20 V/cm the s igna l was e s s e n t i a l l y  the  same as the  zero-

v o l t  s i gnal  discussed above. •-\t E0 
= 2000 \ / c n i  ti -sc si gnal is shown in

Figu re 3 .4 .  The prompt component is less than the prompt component in pure

02 at the same field and pressure by a factor of 35. This is an upper limit

to the possible interference by cable  signa ls , co nduct ion  in external  c i r c u i t
wiring, etc. If t h i s  s i g n a l  represen ts  an electron current , it would

correspond to a va l ue of p/n 3x10
7
.

The persistent delayed signal  corresponds to a current from the
ion chamber continuall y discharging the charge storage capacitor . Th e
m ost li k el y cau se i s the curr ent of posi t ive and negative ions in the gas .
The magnitude corresponds to an ion mobility (sum of positive and negative

ion mobilities ) of 2 cm
2
/V-sec , a reasonable value .

Therefore , the measu red back ground si gnals represent  known pr ocesse s
or make neg li g ible cont r ibut ions  to the uncer ta in t ies  in the reaction rates
deduced from these experiments.
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S E C T I O N  4

4.0 RESULTS

l~e w i l l  d i s c u s s  ti - se results in three s e c t i o n s :  pure 01~ dry a i r ,

and no i st  a i r .  TI-sc °2 cxpei imen t s  were ~e r fum ed first to check  on t he  back-

ground withou t contaminating the gas hand ! ing system with SF 6 . As it turns

ou t t h e back ground appeal-s to be so smal 1 that accL u’ atL- da ta  on 0, were

acquired . The dry a i r  data  wcr~- i n tended to c o m p a r c  w i t h  ex i s t  ing da t a  in

which th~- uncert a intv was thought to  be m i n i m a l . 1 - i l - s a l l y ,  the  m o i s t  a i r  data

me I ~r ese i it  the important flew dat a

4.1 02 
Data

A l l  0 2 measurements except one were made on a sample  a t  I a t m .

h c r e f o r e , o n l y  (~/ ~
) can be deduced fmou  t h e  d a t a .  The resu I t s  are p l o t t e d

in F igure  4 . 1  . Ti-se 0.1 a tm da ta  were s c a l e d  by l / P ~~, a s s u m i n g  pure th ree

body at  t a ch m et i t  . The d a t a  r ep o r t e d  b y GrUnb er ~ al-c shown for compar i son .

Our va lue s at E Q /P  100 and 550 V/ c m — a t m  are within 101 of Gr iinbcrg ’

a l t hough  our cur v e  appea r s to d ip  more s h a rp ly  at 170 \ / c m — a t m .  ,-\t wors t , a

s a st  ema t  c in c  i- ease of our v a l u e s  of (p / o )  by 20 1 wou ld  i m p r o v e  t he  o v e r a l l

a g r e e m e n t .  This co r rec t  ion wou ld  correspond to our overes t  iuat i ng t i -se

c ar r i e r  genera t  ion r a t e  by 201 , i . • , a s s u m i n g  the  a c t u a l  dose in t i - s e ii

c o n f i g u r a t i o n  is c l o s e r  to t h e  v a l u e  m e a s u r e d  wi t h t i - se  TLD ’ s t h a n  w i t h  t he

l ie  ion chambers .
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4. 2 Dry Air Data

E x p e r i m e n t s  were  pe r fo rmed  on dry a ir  at 0 .2 5 , 0 . 5  and 1 atm and

on a 2 0 : 1  N 2 :02  m i x t u r e  at 0.9  atm . In air  at 1 atm the attachment coeffi-

d ent w a s s u f fi c i e n t ly  high at a l l  but the highest fields that onl y (g /-a)

could be determined . A t al l  other pressures ~ was measured from the current
decay and ~. from the peak cu r ren t .

The mobi l i ty , scaled to 1 atm by 1/P , is shown in Fi gu re --1 .2  and
is co mpared to hv at t ’ s ’ data .  The shape of our data is more concave down-
ward.  A g a i n  the agreement would be improved by i n cr easing our v alues of ~.

by 20 1, in accordance with  the TLD cal ibrat ions .  This would produce excel-
lent agreem en t at int erm ed iate f i e lds  (E/P ~~ V/ cm-a t a l  but s t i l l  signi-
f i c a n t l y lower m o b i l i t i e s  at lower and hi gher f i e ld s .  The two data for
2 0 : 1  \7:0-, are in exce l l en t  agreement wi th  the dry air data , as expected s ince

is  ti - se p r inc ipa l  sca t t e r ing  center  in both cases. The excel lent  agreement
b e t w e e n  t i - se Ii , ~1 , and L confi gu ra t ion data demonstrates  that  the ra t io  of
do ses was  c or r e c t  l - - e va lua ted .

The a t t a c h m ent rates , scaled to 1 at m of dr\ - air according to P

assu ming  th ree  body a t tachment  onl y ) ,  ar e shown in Fi gure 4.3. The cur ve

is ~ied~ic ed by Lo n g le~ and Lo ngm ir~ f rom the low pressure d r i f t - t u b e  da t a  of
P h el ps.  Our data exhibi t  a surprising d iscrepancy betwee n the values  of

deduced f rom t i - se 0 . 25  atm and 0 .5  atm measurements at low E/ P .  In th i s
reg ime  ti -se a t t achment  is known to be exc lus ive ly  three-bod y, so that  the
s c a l i n g  by P~ should be cor rec t .  A poss ib le  exp l ana t i o n is tha t  at 0 .5  a tm the

e lec t rons do not have t ime to lose the energy acquired in the ion i :a t ion
eve nt p r ior  to a t t achment .  Note  that  these data depend onl y on ti -se shape of
t he current  decay , not on the dos e ca l ib ra t ion .

Ice w i l l  focus a t ten t ion  on the .5 and 1 atm data , becau se these are

less af fec ted  by sweep-out  and boundary laye r correct ions .  It appears clear
that  t h e d i p in ~ at hi gher f i e l d s  jus t  before the onset of two bod y

~ We are indebted to Bill Crevier for this suggestion .
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attachm ent is deeper and occurs at 1-si gher F/ P ti -san ind ica ted  by the Lon g ley

ar1d Longmire extrapolation . TI-se expected turnover at low fields is shallower

than predicted . The data are consis t ent with -
• cons tant  va lue  of

= (10
8 ± 10Q0) sec

1

for F/P = 7 to 170 V/cal-atm .

- 
The two data for the 0.9 atm 20:1 N 0 7 mixtures wi-sen compared to

0.5 atm dry air , indicate that the effectiveness of N 2 as a third body is 3.5°

as much as °2 at F /P = 200 to 400 V/cm-atm .

Values of (i.~/~
) were deduced by dividing the separate quantities ,

when a\-aUable at lower pressures or high fields. At 1 atm (~/o) was

deduced from the total charge collected by the ion chamber. The resulting

values are plotted in Figure -1.4. The excellent agreement between the 0.5

atm and 1 atm data for F/P ~ 1000 V/cm-atm confirm s the dominance of three-

body attachment. The systematicall y low value of the 0.25 atm data is a

reflection of the same problem noted in the ~ values.

4 .3 Mois t Air Da ta

Most of the moist air data were taken at 0.5 atm to measure ~ and

separatel y . \ fe data at 1 atm and 2 .  75° 112 0 confirmed ti-se three  body

dependence (I / P~ s e a l  ing for p/~ I

F ici res 4.5 through 1 . 7 d i sp l a y  the  m o b i l i t y  da ta , scaled t o  1 atm

is I / I ’ , for  v a r i o u s  composit ions of moist a i r .  F ig es 1 .8 throug h 4.10

show the commespond ~ ng at t :i chment cue ff c j e t  s . F i gur e s  . 11 t lim o gh 4. 13

s how t i ,  combined t erms , ~/ a .
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Fi gure -~ . 12 compa rc’s 0. 5 at and I a tm data at a I aos I c-~ ua 1 aa ter

va i~or coi c ei t r at 1 Of lS  . I t  5 appa ren t  tha t  t h r e e — b o d y a tt  achrnen t  d o m i n a t e s

for  Li / P  5S00 V/cm-atm .
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SECTION 5

5.0 SUMMARY

Fi gures 5.1 th rough  5 .3  sumn ar i :e the d at a presen ted in Sec t ion
4 by drawing smooth curves through t hen

The consta nt m o b i l i t y  and a t t a chmen t  c o e f f i c i e n t  ex t end ing  up
to F/ P = 200 V/ c m - a t m  for  2~ i1 20, and even h i g h e r  for  hi gher water vapor

concentrat ions t es t  i f i e s  to the e f f e c t i v e n e s s  of Ii  ~0 molecules  in t i i e r n a l i  z i n g
— electrons . The e f f e c t i v e n e s s  of an 11

2
0 m o l e : u l e  in momentum t r a n s f e r

cot I i  Siens with elect rons  can h e  deduced from Fi gure 5.4 whic~i pre sents

t h e  plateau v a l u e  of (l/ ~i) v s .  11 20 concentration . The decrease in thermal-

e lec t r o n  m o b i l i t y  per un i t 1i 70 c o n c e n t r a t i o n  can be represented  as

= 2 .9x1 0 1 V-s/ cm 2 .

The e f f e c t i v e n e s s  of 11 20 as a third bod~’ in s t a b il i :  i i ~~ t h e

a t t a c h m e n t  of e l e c t  m ons  to 02 can be deduced from F i g u r e  5 . 5 , w h i c h  p r e s .  it  s
t i c  p la teau  v a l u e  of v s .  11 20 c o n c e n t r a t i o n .

The net va1u~ of c~ can be e x p r e ss e d  as:

= K
0 0 1\ ) ) 2 

+ K
0 ~~~ ~2 

~~I I 20
I

F rom F i g u r e  5 .5 ,
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- 

-

- -29 ~K , ,  
~ 
= 1.2x 10 cm /sec ,0 ) — t i  ,U

-30 6
K = 3.8x10 cm /5cc .

u u 2

N o t e  t h a t  the  l a m - g e  u n c e r t a i n t y  in the 5.5’~ data is the r e su l t  of the  few

data and the short decay t ime .  Add i t iona l  da ta  at lower to ta l  gas p re s sum e
would  s ign i f i can t l y improve th i s  de te rm ina t ion .

The curves in Fi gures 5.1 through 5. 3 ha v e a r e l a t i v e  acc u racy

of ±10’~- in the mid range , 300 < F/ P  < 10 ,000 V/cm-atm . The relative

accura cy increases to s~ ±2 5°o at the ends: due to small signal at low

E / P , due to sweep-out at i-si gh E /P .  There may be a sys temat ic  error of

up to -20’~ in ~. and gJL~ due to the c a l i b r a t i o n  of the ion pair generation

rate. More analysis is required to reduce this uncertainty. At present the

possible explanation for the anomalously large values (xl.6) of c in dry air

at 0.25 atm has not been checked. Since the 0.5 and 1 atm data agree well and

no moist-air data were taken at 0.25 atm it is unlikel y that this effect pro-

duces an error in the moist-air data , but further effort should be spent to

eliminate this uncertainty. If ti-se problem is incomplete thermalization in dry

air at 0.5 and 1 atm , it will be absent in moist air due to the high thermali-

zatiom effectiveness of 1-120.

Additional efforts in the following areas would add confidence in

the data and reduce the uncertainty estimates:

1) experiments on 1120 absorption and desorption in

the ion chamber to confirm the apparently anomalous

2% H20 analysis ,

2) detailed curve matching to improve the first-order

correction for sweep-out app lied to these data ,

3) detailed curve matching to the He ion chamber data

to check calibration ,

4 
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1) fu r ther am ma l~-s is and 1) O ssibly l i i  F\ e xp e r i m e n t s

to exp lai n the  apparent  lv anomalous 0.25 atm

d r y — a i r  data ,

5) addi t i o n a l  m e a s u r e m e n t s  at h i gh 11 20 co n ce n t r a t ion s ,

a m d  6 )  m e a s u r e m e n t s  on 0 .5  and 1 atm m ois t  a i r  at hi gh

f i e l d s  to  d et e c t  t i - se onse t  of two-body  a t t achment .
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