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CONVERSION TABLE

CONVERSION TABLE FOR U.S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT I-

MULTIPLY - BY p TO GET

TO GET 4 BY -4 DIVIDE

angstrom 1.000 000 X E -10 meters (m)
atmosphere (normal) 1.013 25 X E .2 kilo pascal (kPa)
bar 1.000 000 X E .2 kilo pascal (kPa)

barn 1. 00 000 X E -28 meter
2 

(in
2
)

British thermal unit (thermochemical) 1.054 350 X E .3 joule (J)

calorie (thermochemical) 4. 184 000 joule (J)

cal (thermochemicall/cm- 4. 184 000 X E -2 mega joule/m
2 
(MJ/m

2)

curie 3. 700 00') X E + I *giga becquerel (GBq)
degree (angle) 1. 745 329 X E -2 radian (rad)

degree Fahrenheit 1. = (t f - 459. 67)/1. 8 degree kelvin (K)

electron volt 1.602 19 X E -19 joule (J)
erg .000 000 X E -7 joule ()

erg/second . 000 000 X E -7 watt (W)

foot 3.048000 X E -1 meter (i)

foot-pound-force 1.355 818 joule (J)

gallon (U.S. liquid) 3.785 412 X E -3 meter
3 
(m3)

inch 2. 540 000 X E -2 meter (m)

jerk 1.000 000 X E +9 joule (W)

joule/kilogram (J/kg) (radiation dose
absorbed) 1.000 000 Gray (Gy)

kilotons 4. 183 terajoutes

kip (1000 lbf) 4.448 222 X E +3 newton (N)
kip/inch

2 
(k(si) 6. 894 757 X E .3 kilo pascal (kPa)

ktap newton -second /m
2

1.000 000 X E +2 (N-s/m
2

)

micron 1 000 000 X E -6 meter (m

mil 2.540 000 X E -5 meter (m)

mile linternational), 1.609344 X E .3 meter (m)

ounce 2.834 952 X E -2 kilogram (kg)

pound-force (lbs avoirdupois) 4.448 222 newton (N)
pound-force inch 1.129 848 X E -1 newton-meter (N.m)

pound -fcrce/inch 1. 751 268 X E .2 newton/meter IN/m)
pound-force/foot

2  
4. 788 026 X E -2 kilo pascal (k.Pa

pound -force/inch- (psi 6. 894 757 kilo pascal (kPa)

pound-mass (Ibm avoirdupois) 4. 535 924 X E -1 kilogram (kg)
pound-mass -foot

2 
(moment of inertia) kilogram-meter

2

4.214 011 X E -2 , (kg~m21
pound -mass/foot

3  
kilogram/mete r

3

1.601 846 X E .1 (kg/rn
3
)

rad (radiation dose absorbed) 1.000000 X E -2 -- Gray (Gy)

roentgen coulomb/kilogram
2. 579 760 X E -4 (C/kg)

shake 1 000 000 X E -8 second (s)
slug 1.459 390 X E .1 kilogram i%)

torr (mm Hg, 0' C) 1.333 22 X E -i kilo pascal (kPa

*The becquerel (Bq) is the SI unit of radioactivty; I Bq I 1 event/s. i
* *The Gray iGy) is the SI unit of absorbed radiation.

.
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SECTION 1

INTRODUCTION

The maximum electric field produced near a nuclear explosion in
air is determined by the balance between outward moving Compton electrons

and the return current through the conducting air. The air conductivity, in

turn, is determined by the ionization rate, which is proportional to the

Compton electron current density, and the mobility of the electrons divided
by the rate at which they are immobilized, principally by attachment to neu-

tral molecules. It has been suggested (Ref. 1) that at sufficiently high

accumulated radiation dose the effective electron attachment rate may be
increased over the value in unirradiated air by the contribution from new

chemical species formed in the air by processes resulting from ionization,

particularly nitric acid.

At first it was thought that nuclear lightning could be explained

by such an effect. Subsequent experimental (Ref. 2) and analytical work
established that the effect was too small to explain nuclear lightning, con-

sidering the radiation dose that was deposited at the distances where light-
1 ning strokes were observed. Subsequent theoretical work also established

that an anomalously large electric field was not necessary to explain
nuclear lightning, since considering the presence of a volume source of

Compton current and a volume conductivity allowed a lightning-like channel
to grow at much smaller ambient electric fields required for lightning in

nonconducting air (Ref. 3,4).



Subsequently, there has been increasing interest in the Source

Region Electromagnetic Pulse (SREMP) fields produced very close to a high-

yield nuclear explosion. This concern results from the possibility of

ultra-hard' missile silos surviving very close to an explosion, and the

recognition that the excitation of long conductors between an explosion and

a nearby silo depends on the integral of the electric field between the

fireball and the silo. Therefore, an experiment was proposed to measure the

effect of doses up to 30 Mrad on the attachment rate of electrons in air.

This initial design of the experiment was similar to the HERMES experiment

(Ref. 2), except that the AURORA electron beam was to be used to produce the

larger initial dose over a reasonable area. Subsequently, it was noted by

M. Schiebe and F. Gilmore that the formation of nitric acid by a short

pulse, as produced by AURORA, would be significantly less than by a typical
weapon gamma pulse, in which significant doses are delivered for times up to

100 ps. Therefore, other means of producing the required dose over a longer

time scale were investigated.

A promising ionization source was the WIP gun, developed by Dr.

G. Wakalopoulis. It appeared to be capable of producing the required dose

rate and pulse length, although it had actually been tested only up to 5 Ps

pulses. After lengthy negotiations it was decided that the risk of damaging

the source and the costs were too large to pursue that approach further.

I Finally, it was established that an experiment in which the dose 7-

was delivered not in a single 100 ps pulse but in a number of shorter pulses

spaced 30 s apart would be acceptable. The reason the AURORA pulse was not

acceptable was that the eventual attaching species (e.g., HN0 3 ) were the

product of sequential interactions with species formed by ionization.

Therefore, there had to be sufficient time between ionization events for the

intermediate species to be formed before the next step in the reaction

sequence could occur. It was established that the candidate intermediate

2
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speces erechemically stable, so that they were expected to remain during

the 30 s waiting period during exposures. Scheibe (Ref. 5) mentioned that

his only concern was the possibility of these species reacting on the walls

of the sample chamber during the waiting period, but it was decided that
this risk was less serious than the alternatives, especially if infra-red
diagnostics were included in the experiment to monitor the concentrations of

these species between ionization pulses.

This historical development led to the experiment that was finally

performed at the Maxwell Labs Excitron electron beam source. The specifica-

tions for this source included the capability to produce 10 lis pulses of
300 keV electrons at 1 A/cm2, with a pulse repetition rate of two pulses per

minute. These performance parameters would enable us to deliver approx-
imately 30 Mrad of total ionization dose in five minutes, by delivering
10 pulses each 10 ps long and each with a dose of 3 Mrad. '

%

HN03 is formed near an EMP source region from the association of
NO2 with OH, where the nitrogen atoms to form NO2 and the OH radicals are
produced by the ionization energy deposition. The attachment reaction is
then:

e +HN0 3  +N0 2 +OH

It is believed that a concentration of HN0 3 of at least 2x1O'5 cnf3 is

necessary for this reaction to compete with that of electron attachment to
02 (Ref. 1). '

The conductivity, aof a gas exposed to a radiation pulse is
* given by

3



where n is the secondary electron density, and the electron mobility, P, is

a function of the electric field.

At low dose rate, D

ag (2)

where Kg is the generation constant in air and ais the electron attach-
ment rate. Thus,

K D e
g 0

a a3

The saturation electric field, Es, near a nuclear explosion is

that field for which the outward moving Compton electron flow is balanced by

an equal conduction current. Namely,

J = KD = aE (4)
c a s

4.P

where Jc is the Compton current density, K. is the ratio of Compton cur-
rent density to dose rate. Combining,

K

o g

Thus, the saturation electric field is proportional to a. If a is

increased by attaching electrons to N02 as well as to 02, the electric field

increases proportionately.

4 4L
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This experiment is designed to (1) determine the concentration of "
S"

important smog species (NO2, HNO3) produced from exposure to a dose (D) in ,

the range of 500 krads < 0 < 30 Mrad and (2) determine the effect of these '

' " species on the electron a/a.

S.



SECTION 2

EXPERIMENTAL SETUP

The experiment consisted of an optical portion which was con-

structed to determine the presence and concentration of a species by their

infra-red absorption spectra, and an electrical portion designed to measure

dose rate and electron P/c.
iS

2.1 OPTICAL DESIGN.

The basic setup for the optical component of the experiment is A

shown in Figure 1. The IR source (glow bar - Oriel Model 6363, 11 A @ 12 V)

was fed by an ORIEL DC regulated power supply (Model 68735). The intensity

of infrared light produced was measured by a thermopile detector (ORIEL

Model 7102), hereafter referred to as the bolometer. Light from the source

was directed into the chamber after passing through a reference chopper beam

(HMS Light Beam Chopper 220). After being chopped, the beam entered the

chamber and was reflected four full lengths of it - with a total optical

path length of 400 cm. The light was then directed through the entrance

slit at (A) of a monochromator (Jarrell-Ash Monospec 18 - Model 82477). A

collimating mirror at (B) directed the beam to a diffraction grating at (C)

(ruling = 1008/mm, dispersion = 54 nm/mm). Light was then directed to a

refocusing mirror at (D) and was reflected to the exit slit at (E). The

position of the grating - which determined the wavelength - was controlled .

by a stepper motor (ORIEL Model 18510). After leaving the monochromater,

the beam was incident on the window of a HgCdTe Detector (Infrared Assoc.,

Inc.), hereafter referred to as the detector. Dry air was blown through a

plastic bag sealed around the bolometer, source, monochromator and detector 5

6
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to reduce absorption caused by moisture in the air external to the chamber.

This had the desired effect in that the water absorption bands seen when the

chamber was evacuated were greatly reduced in intensity.

The instruments used to record and process measurements from the

bolometer and detector and to control the stepper motor were located outside

of the exposure room so as to reduce noise signals caused by the Excitron

pulses. The basic hookup of these instruments is as shown in Figure 2.

CHOPPER REF
IEEE 488

LOCK-IN AMP

0

DETECTOR__

COMPUTERA

HARD

COPY
BOLOMETER VLMTRMACHINE

Figure 2. Setup used to record optical data.

The detector and the chopper reference were connected to the lock-

in amplifier (EG&G Model 5316) which was hooked to the computer (Tektronix

4051). The bolometer was connected to the voltmeter (Hewlett Packard Model

3455A), which was also hooked up to the computer. The program for this

experiment was designed to (1) control stepper position, (i.e., wavelength .
at which data was recorded), (2) process data received from bolometer and

detector; (3) plot spectra resulting from scanning various wavelengths;

(4) print data from seperate readings at one or a few selected wavelengths.

The hard copy machine (Tektronix Model 4631) gave a printed copy of these

data.

8
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2.2 ELECTRICAL DESIGN.

Four copper calorimeters were located inside the chamber and were

used to measure the dose received from the Excitron. Two were 35 mil thick

and two were 1 mul thick. The rear (thick) calorimeter had diameter of
0.6 cm (A = 0.28 cm2). The front calorimeter all had a diameter = 0.8 cm.

Both thin calorimeters (and one of the thick) were located in front of the

chamber. The remaining (thick) calorimeter was located in the rear of the
chamber so that the incident electrons passed through the gas in the chamber

before reaching it. The circuits for the calorimeters are as shown in
Figure 3.

The calorimeters converted the temperature change - caused by the

energy loss of the electrons in passing through them - to a voltage reading

by means of Chromel alumel thermocouples (sensitivity 40 p~V/*C). The

Faraday cup readings were taken from a branch of the thick calorimeter cir-
cuits, as shown, and measured the current from the electron beam as a volt-

age across the effective resistance seen by that branch of the circuit. The

Faraday cup measurements were recorded by oscilloscopes (Tektronix 7844)

located in a screen box in the adjoining room. The calorimeter voltages
were amplified by an OpAmp circuit and recorded on a chart recorder

(Houston, Model B5217-5) also in the adjoining room.

The setup used to measure the electron (/c)was located inside
the ion chamber and is shown in Figure 4.

The central cathode foil, C, was biased negatively by the Krytron

high voltage pulse circuit shown in Figure 5. Ionized gas molecules were

attracted to the cathode, while the low energy electrons were attracted to

ground at P. Since the ion mobility is small compared to the electron mobi-

lity, the ion chamber current readings were proportional to the electron
current, Je The grids (G) were positioned such that the boundary layer
formed near the cathode, C, did not affect the region between the grid and

9
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anode, P. Thus, the grid voltage measured the uniform field, E, between

grid and ground.

CT-I

TO KRYTRON CIRCUIT

0.5 cm + 0.5 cm

(_ G__G P _e- BEAM
(. 300 keV)

10 K TO SCOPES

Figure 4. Electrical circuit used to measure u/a.

7 7M

Voltage Monitor Krytron(EG&G KN 26)
20, M < I I4ll: 'l

HV in Io To Ion Chamber

IM,

.D44E33

S Trigger

I np)u

(+Sv) 50.,

Figure 5. Krytron high voltage pulse circuit.

'l .*4.
11 - _%
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SECTION 3 ,".

THEORY OF p/a MEASUREMENTS "

The current density in the ion chamber, Je, is given by

J= aE (6)

The conductivity, when the motion of the ions are neglected, is

given by:

a = neop (7)

where n is the free electron density and p is the electron mobility. At low

dose rate, [, the density of free electrons is determined by the attachment

rate, a. In steady state,

KD
n = g (8)

cii

where Kg = 2.2 x i09 cm-3/rad is the ionization constant in air and

depends weakly on the gas composition. The ratio p/a is then

e
~ e (9)__: e K E D ":.

where Je is proportional to the ion chamber current

Es is proportional to the grid voltage

is proportional to the reir Faraday cup current.

12



3.1 BOUNDARY LAYERS.

Boundary layers are formed near the cathode by electrons and nega-

tive ions moving toward the anode and near the anode by positive ions. The

cathode boundary layer is so strong that an avalanche field is created to
replenish the electrons. The voltage across the boundary layer is ignored
by using the grid to measure the field between grid and grounded anode.

The excess potential drop at the anode due to the positive ion
boundary layer is given by

AV 1 w w2  (10)
C0

where p is the charge density in the boundary layer and w is the thickness
of the layer. This thickness, w, depends on the mobility, p, of the ions
and the electron ion recombination rate, Re, which determines the life-
time, T, of the ions. Only the ions created within the boundary layer con-
tribute to the excess voltage drop at the anode. The thickness is deter-
mined by

where E is the electric field applied to the plate

v is the mobility of the ions

T is the mean lifetime of the ions

In this experiment, the maximum applied electric field was
<2000 V/cm. The positive ion mobility is typically =3 cm2 /V-s (Ref. 6).

The density, N+, of the ions depends on the dose rate, 6, the electron-ion
recombination coefficient, a3e, and the generation constant Kg as

13



N+ = -(12)

The maximum dose received by the gas in one shot was 3 Mrad. The value of ,

Oe increases during a pulse, but reaches a plateau of 1 -10 - ' cm3/s for

moist air at high electric fields (Ref. 7). The effective lifetime of the '

ions i s O

Ne K D ae  : 70 ns (13)

9 D

- at a maximum dose rate of D gs i n one/s ot whs ds rad. te N+ 1.4 101 3

*. ions/cma The maximum thickness of the boundary layer is then ot

10 -4Ti (K i c 7 (14)

Using the above values of N+ and w yield an excess potential drop ,

due to the anode boundary layer of te u r a i h

A e0 N+ w2  (15)

0

- 3V

This is negligible compared to the applied voltages, which were

>500 V. Therefore, boundary layers were of no concern in the ion chamber

measurements. h

14



SECTION 4

4.1 SHORT TERM DRIFT CORRECTIONS.

If the detector readings, V, varied directly with bolometer read-

ings, B, for changes in source intensity, then the bolometer readings could

simply be divided out to obtain the true absorption data. Data was recorded ;
at X = 4, 6, 8 wm to determine the manner in which the detector data varied 'i.

with these changes in source intensity. It was found that for a given wave-length, this relationship between detector and source was not linear, i.e., '.

El..'

the ratio (V/B) did not hold constant, at a given wavelength. As a first €

correction, In(V/V 0 ) vs. In (B/B o ) was plotted in order to determine a ?

vWx such that V* = V (Bo/B)" (M (where V* is the corrected detector

reading). In this way, if VMt varied directly with BWt then V = 1 and V/B "

. . is constant. If VMt was not proportional to B(t), then any power law type,€'

. of dependence would be apparent from the slope of the graph of zn(V/V o ) vs .

-z n(BT/Bo ) for each wavelength. Figure 6 illustrates the results. The "

value of v attained in this manner was not the same for the three wave--

lengths (x = 4, 6, 8 microns). Graphing the value of v vs. 1/X for each
wavelength yielded the dependence of this exponent on the wavelength. Best ,.'

results were obtained by plotting v vs. 1/X, since a straight line could -'

easily be fitted to these data points. It was found that, to a good approx-".

imation,

V (X )C1 i.e., v(h) =062+0.8(16)

L ..
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Figure 6(c). Bolometer/detector correction factor for N 8 microns.
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Further, the bolometer was sluggish compared to the detector

response and, as a second correction factor, a 6 was determined such that

Vc = V* (1 - v(x)o B/B). If B did not vary with time, the corrected Vc =

V* was obtained from the first correction factor. If B decreased suddenly

with time over a given interval, B < 0 and Vc > V*, which is reasonable

since the detector reading will drop faster than the bolometer. Similarly

for B > 0. The factor v(x) was included to account for any dependence of

this correction on wavelength. Although the values of e obtained were vari-

able, 8 e 2s seemed to work well, and this was used in the second correcLion

factor.

4.2 LONG TERM DRIFT CORRECTIONS.

The short term drift corrections applied to data recorded during

the course of a single spectrum. For long term drifts in source intensity

it was necessary to normalize the data in order to appropriately compare two

distinct spectra. This was done - after the short term drift corrections

were applied to the individual spectra - by normalizing both spectra to the

data recorded at a single wavelength in one of them. The wavelength chosen

for normalization was one in which no absorption occurred in either spec-

trum.

Ie
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SECTION 5 .

Incient lectons DOSIMETRY

Inieteetos(-300 keV) transferred energy to the calorime- 1SS~1

ters by Coulomb collisions with copper atoms in the foil. Thermocouples
located behind the foil then converted this temperature change to a voltage
reading (10C/40 1.V). The thick calorimeters stopped the electrons, measur-

ing the total energy fluence in the beam. However, the energy had to dif-
fuse across the finite (35 mil) thickness of the foil before reaching the -

thermocouples. In the meantime, the foil also began to cool off so that the

energy distribution in the calorimeter was not uniform. This was apparent

in the voltage curves of the thick calorimeters as shown in the lower trace%
of Figure 7. The true voltage readings were obtained by extrapolating the
curves back to the time corresponding to the beginning of the shot, as shown
in Figure 7. The upper trace in Figure 7 is the voltage reading of a thin
calorimeter corresponding to the same shot. These were much thinner than
the range of the electrons and the resulting voltage readings were sharp
spikes, as shown. However, the low heat capacity of the thin calorimeter
produced a rapid temperature decay. The prompt temperature rise in the thin
calorimeters was used for a direct measure of the dose in copper. 'l

The front Faraday cup measurements were taken from a branch of the
thi ck-cal ori meter circuit as previously described. These voltage readings -

measured the current from the electron beam across the effective resistance

of the circuit. The average electron number flux density, On, in the
thick calorimeter is measured by the voltage reading of the Faraday cup
(VF ), the pulse width (t) in ps, the effective resistance, R eff' and the

area of the calorimeter A, according to the following equation,

21
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,Bn(electrons/cm2 ) = ( + S) (17)
Ref x A x e°  2/

ef 0

where S is the secondary electron emission coefficient. For -250 keV elec-

trons, S - 0.2.

The actual circuit, including measured resistances in the thermo-

couple wires, is shown in Figure 8. The equivalent circuit for the Faraday

cup (fast) measurements is shown in Figure 9. The effective resistance,

V /IB  is 5.4 Ohm. The area of the copper stopping block was 0.50 cm2.s B'

Thus ._

en(electrons/cm2) = 2.8 x 1012 VF x t (V.Ps) (18)

nF

The dose delivered by the beam is estimated by using an effective energy

loss rate of 28 MeV cm2/gm for 250 keV electrons. Thus

D(rad) = 1.2 x 105  VF x t (V.is) (19)
I-"

The equivalent circuit for the calorimeter is shown in Figure 10. %

Since the input impedance of the calorimeter amplifier is large compared to

2 kOhm, only voltage division between the wire resistance and grounding

resistance appears. The electron energy fluence is related to the output

voltage by:

23 1
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6, %

• e~ (U/cm2 ) = AV(V)x/40.3\ I°____ N
.(x _ x 0.089cm x 8.9gm  x 0.035 C" x 4.185 J

23 40V cm3  gm°C cal

Resistive Calorimeter Specific
Divider Heat -

Thermocouple 
%Sensi-tivi ty

- 5.1 x 10-3 AV( V) (20) 0

If we assume an average energy for the electrons of 250 keV the

electron number fluence is

o (electrons/cm2 ) = 6E/2.5 x 105 eV x 1.6 x 10-19 C/electronn E O 0I Ceeto

= 2.5 x 1013 e (/cm
2 )

E

= 1.3 x 1011 AV(pV) (21)

Assuming the energy loss for a 250 keV electron is 2.8 MeV cm2/gm, the dose

in a thin sample is

D(rad) = 4.8 x 103 AV(V.PV)

For the thin calorimeter, no such circuit was required, because
they did not double as Faraday cups. These 1 mil copper calorimeters read
the average dose deposited in a small fraction (- 1/6) of the electron range ,

D(rad) = AV(wV) xC 0.035 cal x 4.185 J x i0s rad
40 OV gm°C cal J/gm

SSpecific I 1."

Thermocouple Heat

Sensitivity Unit
,Conversion z

= 3.7 x 102 AV(WV) (22)
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The foregoing calculations deduce the dose and dose rate at the

rear wall of the sample chamber from measurements at that location. Addi-

tional corrections must be applied for the following effects:

1. The electron beam diverges from its entrance into the sample

chamber to the rear wall, because i t i s scattered i n the

entrance foil (3 mil aluminum) and in the air inside the

chamber.

2. The effective area of the electron beam increases inversely

as the dose decreases from the entrance foil surface to the

rear wall. -

3. The gas sample includes volumes not exposed to the electron

beam, into which the new gas species formed in the beam area

will diffuse.

4. The ion chamber is located behind the back wall of the main d

sample chamber, resulting in a lower dose inside the ion

chamber than that along the optical path in the main chamber.

The effective dose, area and path length depend on the specific

measurement and the time scale.

1. Measurements of the electron conductivity were made on a

relative basis, so that absolute calibration of the dose rate

inside the ion chamber was not needed to deduce accurate

ratios of conductivity to dose rate. However, an estimate of

the dose produced during a single pulse is required to inter-

pret the data on relative conductivity between the early and

late part of an ionization pulse. During this measurement no

significant diffusion of the gas species can take place.

27
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Therefore, the dose is that in the core of the electron beam

penetrating the ion chamber. The ratio between current den-

sities in the Faraday cup on the back wall of the main sample

chamber and the rear of the ion chamber was typically a fac-

tor of 18. This is mostly due to the divergence of the elec-

tron beam after it passes through the collimator in front of
the ion chamber. A reasonable estimate for the active volume

of the ion chamber, which is approximately half as far from
the collimator as the Faraday cup behind the ion chamber, is
a dose rate and dose smaller than at the rear of the main
chamber by a factor of 4.

2. For the early time («1I min) optical measurements the effec-
tive dose is that along the center line of the main chamber

(i e. al ong the optical path) and the effective path length

is four times (for the four passes of the optical path

through the irradiated volume) the width of the electron beam
at the center of the chamber. The beam width at the incident

surface is determined by the Excitron source to be 100 cm.
As shown in the Appendix, the electron beam is very heavily
scattered in the anode foil and in the air inside the sample%

chamber. The dose at the center line, along which the opti-

cal beam is projected, is estimated to be approximately
1.7 times the dose at the back wall (see Appendix). The

irradiated area is delimited by aluminum blocks that border V

the exposed gas.

3. For late time (>>1 min. ) optical measurements and for the

effect of ionization-formed species on the conductivity mea-Fsured in the ion chamber on subsequent Excitron pulses, the

effective dose must be averaged over the sample chamber,
including the unirradiated gas volumes in the portion of theS
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optical path outside the beam and in the gas-handling system.
A reasonable estimate is that the average dose is decreased
from the mid-plane value by an additional factor of 1.5 for
gas dilution, but that the effective optical path is
increased by a factor of 1.15 to account for the diffusion of

smog species into the regions of the optical path outside of

the electron beam. For linear response estimates, this is

equivdlent to retaining the 4 m optical path but increasing
the effective dose along that path by a factor of 1.15.

In summary, starting with the dose measured in the Faraday cup at

the rear of the main chamber, the following factors are applied to estimate
the effective dose: r.

1 . For comparing the response of the ion chamber early and late

in the same pulse: 0.25.

*2. For optical absorption measurements at early times (<1 min)

from a single ionization pulse: 1.7.

3. For ion chamber measurements of the effect of accumulated
ionization from multiple pulses: 1.13.

4. For optical measurements at late times (< 1 min after one

pulse, or cumulative effects of multiple pulses): 1.3.

It was our intention to cross check the Faraday cup measurements

with thin and thick calorimeter data. The thick calorimeters measure the
total electron energy fluence; the electron nur"Y,:r fluence and dose can be

V., deduced from knowledge of the electron particle energy and specific energy

loss. For example, we can compare the results from Shot 183 as follows:

92



The Faraday cup signal averages to 0.7 V for a total pulse
length of 5.4 p.s. This corresponds to a dose at the Faraday

cup of 450 kRad. The thick calorimeter recorded a thermocou-

ple deflection of 22 pV, which produces a calculated dose of

only 100 kRad. It is clear that the Faraday cup value is the
reasonable one, and that there is a serious problem with the
calorimeter reading. It is not clear what the problem is.

During the experiment the entire chart recording system,
including calorimeter amplifiers, was calibrated with a known

voltage source placed at the calorimeter signal input point.

The thin calorimeter readings were also in error; the doses
inferred from their voltages were even smaller than those
from the thick calorimeters. The only reasonable recourse
was to ignore the calorimeter data and to note that there is

a need to perform a future experiment to check the calorime-

ter technique, as applied to low energy electron beams, such

as those produced by the Excitron source. A similar problem

was encountered once before (Ref. 8).

Given the correction factors discussed above, a typical 5 ii5

Excitron pulse delivered approximately 800 kRad along the center line
of the sample chamber, which was decreased to an average dose of
530 kRad averaged over the entire gas volume, and 610 kRad normalized
to the standard 4 m optical absorption path. -

300



SECTION 6

CALIBRATION SPECTRA
~.5:

5. .5.

As a calibration, spectra were run with various gas samples pre-

sent in the chamber in known amounts. Figure 11 is a comparison of the ..

spectra of vacuum (pressure = 0.001 Torr) to that of dry air at 1 atm pres-

sure. The two are indistinguishible, both showing slight absorption lines

centered at 5.85 ± 0.05 pm and 6.40 ± 0.05 im, presumably due to absorption
in water vapor in the short optical paths outside the sample chamber. The
only water bands in our range (3 < x < 10 m) of sufficient intensity

(Ref. 9) are centered in bands at 6.644 ± 0.05 Wm and 5.87 ± 0.05 um (see

Fig. 12). Further, all spectra were calibrated to the water window at A

6.2 wm• In Figure 11, the peak is located at x = 6.2 ± 0.05 wm. For these

reasons, it is reasonable to assume that the weak bands seen in the spectra

of Figure 11 are due to absorption caused by moisture present between the

chamber and the IR source and detectors. In Figure 13, the spectrum of dry

air at I atmosphere is compared to that of wet air (i.e., H20 at 17 torr and

air added to a total pressure of 1 atm). The only difference between the

two is increased absorption at 5.85 and 6.4 jm in the wet air spectrum,
which indicates that the above assumption is valid. Using the water peak to

establish the absolute wavelength scale results in an estimated wavelength

calibration accuracy of ±0.05 im.;

The absorption equation is

% exp[pNLI (23)
%I
1% 0

V,,
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10

where p is the absorption coefficient (in cm2/molecule)

N is the concentration of the species (in molecules/cm
3 )

L is the total optical path length

and I/Io corresponds to the relative change in intensity of the

spectrum due to absorption

The decrease in intensity in the wet air spectrum of Figure 13 at

x = 5.85 pm is approximately 1/10 = 0.57 (where I is the voltage reading

at the lowest point in the 5.8 pm absorption line of the wet air spectrum

and Io is the voltage reading at the same point in the dry air spectrum).

The concentration of a species at a pressure P is given by

PI
• tp

N = (24) __
RT

where P is the pressure in atmospheres Y"
R is a constant (1.37 x 10- 22 cm3  atm/molecule K° )

and T is the temperature of the sample (in Kelvin')

The concentration of water molecules at a pressure of 17 T (0.02 atmos-

pheres) and temperature T = 293°K is [H20] = 5.0 x i017 molecules/cm3. The

total optical path length of the chamber for full spectra is L = 440 cm.

The absorption coefficient per molecule of water, F, was estimated

from Reference 10. We calculated the sum of line strengths over the wave-

length range 5.80 to 5.90 pm to be 8.38 x 102 ° cm/molecule. Dividing by

the range in wave number, yields a line strength per unit wave number of

2.9 x 10-11 cm2/molecule. The column density of water molecules is 2.2 x

1020 molecules/cm2 . The predicted transmission is exp -(2.9 x 10-21 x

2.2 x 1020) = 0.53, in excellent agreement with the measured transmission of

0.57. ft.
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Figure 14 is a comparison of the spectrum of dry air at I atmos-
phere to that of N02 at a pressure of 0.3 Torr with air added to a total of

one atmosphere. It should be noted here that after N02 was first added to

the chamber the pressure reading dropped, requiring the addition of more NO 2

gas. This was probably due to adsorption of the N02 molecules onto the

walls of the chamber. The spectrum has a strong absorption line centered at

a wavelength of 6.0 pm, with a relative change in intensity of I/1 o , 0.8.

The product of the absorption and wavenumber integrated over this line is

measured to be 15 cm-1.  The absorption coefficient for a band from 6.03 pm

to 6.45 wm is reported to be 6.11 X 10- 17 cm/molecule (Ref. 11). The N02

spectrum in this range is shown in Figure 15 (Ref. 12). For the 440 cm opti-

cal path this corresponds to a density of NO2 molecules of 5.6 x 101' cm- 3 .

The concentration initially injected into the sample chamber was consider-

ably larger: 1 X 1016 cm- 3 . Moreover, the center of the N02 band in our

spectrum is offset by -0.2 um. This is just outside our uncertainty range.

Figure 16 compares the spectrum of a moist N02 sample Hi e. ,

0.3 Torr NO., 17 Torr H20 and air added to a pressure of I atm) to that of

moist air without NO2 .  The N02 line seen previously in the dry sample at

x= 6.0 wm is absent. Only the H20 absorption is seen.

When the spectrum of a Nitric Acid solution and moist air sample

is compared to simply moist air (as in Fig. 17) no HN03 lines are apparent.

Again, only the water absorption is apparent. Even when a sample of water

at only 11 Torr is compared to a sample of HNO solution at about the same

pressure, (see Fig. 18) only the water 1lines at 5.85 om and 6.4 um are

apparent. Nevertheless, the published absorption spectrum of HNO, (Ref. 12)

contains strong lines that should be observable outside the water absorption

bands (Fig. 19).%
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Fog was formed initially when moist air was introduced into the
chamber. If spectra were run too soon after introduction of the moist sam-

pies, i.e., before the fog disappeared, this showed up as a slight bias in

intensity, i.e., lower intensity at the shorter wavelengths, which were mea-

sured at the beginning of the scan. The offset due to fog is apparent in
the beginning of the spectra of Figures 16 and 17.

The fact that the NO2 and HNO 3 lines are absent when H 0 is pre-
sent in the chamber may be due to one of the following reasons:

1. The intensity of the H20 lines may be large enough to mask
the relatively weak intensities of the NO2 and HNO3 lines in

this range.

2. Attachment of H2 0 molecules to molecules of either NO2 or

HN03 may change the resonant frequency of these molecules to

such an extent that the absorption lines are displaced or
otherwise affected.

3. The presence of H20 molecules somehow induce the diffusion of

the species to (and reaction with) the walls of the chamber
.P so that these gases are virtually absent by the time the

spectra were run.

The first explanation is possible. As discussed previously, the

.5water lines at 18.5 Torr are already black. The broadness of the bands at

this pressure could easily obscure the presence of the lines of other spe-

cies. However, the absorption due to NO2 should be observable in the window
in the water spectrum at 6.2 wm.

The d ispl acement of the N02 band i n the c al ibrati on spectra o f A

Figure 14 seems to be in support of 2 above. The water peak at 6.18 wm is

not displaced, and the center of the NO,, band is outside of our error range.
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Finally, the third explanation is supported by the fact that some

of the NO2 disappeared initially upon being injected into the chamber and

larger amounts were required to reach an equilibrium pressure reading.
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first measurement could only detect long lived absorbing species. The K
second measurement was capable of few second resolution, but required many r

pulses to scan many wavelengths. The third method gave intermediate '

results.

7.1 DRY AIR SPECTRA.

The following results are for gas samples in which only dry air

was added to a previously evacuated Chamber. Since the chamber was not L

baked, and previous fillings left absorbed species on the wall, the samples
55 were not absolutely dry. Pressure drifts when the chamber was sealed were .

slow enouch so that the impurity content of the dry air samples is less than .-
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Figure 20 compares the spectrum of "dry" air with the spectrum of _
a sample of "dry" air exposed to 26 Excitron pulses (an estimated dose of- NP'

11 Mrad) during approximately 150 minutes. There are new absorption lines

• ,at 4. 1, 5. 6, 7. 5 and 8.4 pm.

°' A similar comparison for a sample irradiated rapidly (in 2.1 ain- ,.

: ~utes) with only five pulses (-18 Mrad) is shown in Figure 21. Comparing the ..

IR1157 (pre-exposure) and IR1159 spectra shows clearly the extra absorption
at 5.7 Fm, but not the other ones. This spectrum passed the 5.7 sm point at

2.8 minutes after the last Excitron pulse. Another spectrum taken 10 min-

utes later (IRIgO) illustrates the decay of this absorption band. lines

The second method (observe absorption at a chosen wavelength .'

,...

before and after a pulse) was used to detect short-lived species with IR ,WA
absorption bands in the range of 5 to 8 irm.

The absorption near 5.7 pm is illustrated in Figure 22 in the form

of strip-chart segments. Each pulse delivered a dose of approximately 0.51 '"

to 0.76 Mrad. A long-lived absorption is observed between 5.5 and 5.8 pm, '
with a maximum near 5.68 m. The effective width of this absorption is ...i

a0.2 rm, which is only slightly greater than instrument resolution. In the

low wavelength end (5.6 um) the absorption appears promptly, but in the high

wavelength end (5.8 m) ethod (serve opt hat increases in w0.2 minutes.

At intermediate wavelengths (5.68 and 5.7 wm) both components are seen. -

An experiment was performed to measure the growth ad decay of the

absorption at 5.7 m during and after a sequence of five rapid 0.5 Mrad

Excitron pulses. Figure 23 shows the result, as recorded by the strip chart ..-
change in intensity for each 0.5 Mrad pulse is approximately .51 -6Z.rpa
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%

If we assume that F molecules of absorbing species are formed for %

each ion produced, we can estimate the absorption line strength required to %produce the observed attenuation. The density of molecules formed per pulse

is 1 X 1015 F molecu!es/cm3 .  The effective path length is 4 m, yielding a .
columnar density of 4 x 10t 7 F moleculesoa r g e The 6% absorption has an r

effective A(/x) of 62 cm- e Thus the absorption line strength per molecule

is0.06 x 62 T eO-f7/F (25) a

4 x 101 7 F m.

This value is comparable to the larger line strengths in N2 and HNOl but

considerably larger than those in H20.

A plot of the AI/I o vs time after the last pulse is shown in

Figure 24, yielding an effective recovery time of 12 minutes.

Although the 5.7 pm absorption band is characteristic of water ,

.'. Thisr valu is comartabet the argerio inued srtsin Ni2 ntdu o but0

cseb. The IR absorption grows too rapidly after e-beam pulsing to

- ~be due to water absorbed from the chamber walls, since the IR ,;
path is in the center of the chamber and not along the walls.!!Ii

2. The 5.7 wm H20 absorption is always accompanied by a 6.5 Wm
absorption band, wh ich is not observed in either the tran

sient or long-term absorption measurements.r

3. The known line strengths in H20 are too small to account for rv
the observed absorption.

%|
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Two other transient responses were observed. Figure 25 presents

strip-chart segments for the region from 6.1 to 6.3 wm. A very short-lived

(-0.1 minute) absorption is observed centered near 6.15 pm with an amplitude

!I/I -6i.

S..

A more mysterious response is shown in Figure 26, which presents

strip-chart segments for the region 7.3 to 7.7 pm. There is a clear long-

lived (> I minute) -5 increase in the detector signal centered at 7.5 Wm.

This is most likely a fluorescence line since a transient decrease in

absorption seems unlikely. Note that 7.6 pm is the location of one of the

absorption bands in the heavily irradiated "dry" air sample (Fig. 20).

Since the gas sample was exposed to the entire glow-bar spectrum, (i.e., the

monochromator was on the detector side) fluorescence excited by shorter

wavelength photons could create the observed increase in 7.5 pm photons.

The effective relaxation time of the de-excitation process would have to be

short compared to I ms for the detected signal to appear in phase with the

=900 Hz chopper, which was located at the light source.

7.2 WET AIR SPECTRA.

Figure 27 presents a comparison of the IR absorption spectra for a

2.6 H20 sample prior and after exposure to -5 Mrad in =20 minutes. A small

amount of extra absorption is observed in the region 6.6 to 7.4 Om.

The effects of a higher dose, 28 Mrad, delivered rapidly (in

60 minutes) in 43 Excitron pulses are shown in Figure 28, showing the pre

(IR1053) and immediately post (IR1054) irradiation spectra. There is a

strong increased absorption at the water window, 6.2 1m, an apparent

decrease in absorption in the water peaks, especially at 6.4 jm and a pos- %

sible slight absorption in the range 7.3 to 7.9 m. The subsequent recovery %

is illustrated in Figure 29. The immediately post-irradiation spectrum

(IR1054) is compared with a spectrum taken 11 minutes later (IR1054) and

5.*8 '.• % " ,- ." ,"v' ' % % ".'% % • _,.,_ _ w%' % ','% ' %_,' ,• % % • . .' .% " .% % % , .-
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; another one taken 27 minutes after the end of the irradiation.(IR1056)• The

recovery of the absorption at the water window at 6.2 m is obvious. Com-

paring the IR056 with IR054 in Figure 28 sows that the recovery is not

quite complete.

The results of a rapid exposure of a 2.2' H20 sample is illustrat-

ed in Figure 30. Prior to spectrum IR1046 the sample had been exposed slow-

ly to an accumulated dose of -3 Mrad. It was then exposed to z5 Mrad during

7 minutes, followed immediatey by spectrum IR1047. The spectrometer passed

the 6.2 wm wavelength approximately 6 minutes after the end of the ;rradia-

tion. A second pass through the spectrum is shown in IR1048. It passed the
pS 6.2 m wavelength approximately 18 minutes after the end of the irradiation.

d Although the effects are smaller than for the larger exposure illustrated in

Figures 28 and 29, they are similar. A clear increase in absorption is seen

at 6.2 um, and a possible decrease in absorption is seen at the water mini-

ma. A possible increase in absorption between 7.6 }im and 7.9 Om is also

barely observable. Some recovery is seen at 6.2 um in the latest spectrum.

Measurements taken on wet air by the second method are illustrated

in Figure 31. These data indicate an absorption near 6.2 urm that appears to

have both a short term (40.2 minute) and a long-term (>1 minute) component.

A longer time measurement at 6.15 um is shown in Figure 32, indicating a

decay time of approximately 8 minutes. There also appears to be a small

transient absorption around 5.7 jm, as illustrated in Figure 33, and near

7.5 im. A series of rapid electron pulses, illustrating absorption at

6.05 ;im, is shown in Figure 34. The decay time of the absorption is approx-

-U
, imately 0.4 min.

Measurements were also taken by the third method: sampling a few

wavelengths before and after a single electron irradiation pulse. In most

cases the change in absorption was too small for a single pulse to provide

useful measurements by this method. Figure 35 illustrates these results.
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Specrum R105 wa takn bforethe oniatio pule. uccesiv

cycesofspectrum IR1076 wase taken befortheg ioneiaton pulse. Successive

pulse. Only near the 6.2 pm water window is the transient absorption detec-

table.

It was expected that nitric acid would be formed in wet air by
ionizing radiation. Strong absorption bands in nitric acid are reported

around 5.85 om and 7.5 pim. However, these were not observed in our measure-

ments with nitric acid deliberately added to the air sample. There are the

N possibilities that the lines were absent because the nitric acid absorbed on
the walls of the sample chamber, or because extra hydration of the molecules :

changed their characteristic absorption frequencies.

The IR absorption measurements on irradiated wet air clearly show-

ed a long-term buildup of absorption in the 6.7 pim to 7.4 pm range and a
shorter-lived (8 minute decay) absorption near 6.2 pm, and a shorter-lived

absorption near 5.7 pm. None of these wavelengths correlate well with the

* expected nitric-acid absorption bands.

The appearance of the 6.2 pm absorption at the window in the waterI

absorption bands, and the suggestion that the water absorption peaks become Y

* less attenuating while the 6.2 pm absorption increases, suggests that this

transient might be due not to a new absorption species, but due to some mod-

-ification in the water absorption. The most obvious perturbation would be

the effect of radiation-induced temperature rises on the water absorption
* (e.g., by Doppler broadening of the water absorption lines). However, it is

* unlikely that this explanation is credible. The gas sample chamber was con-

structed of aluminum and it was bolted onto the massive structure of the

Excitron electron source. Clearly, this structure cannot have its tempera-

ture changed significantly by the beam and the effective relaxation time

within the aluminum structure is very short compared to the observed life-
-times of the transient IR absorption. There remains the possibility that

66
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the gas inside the chamber required some time to equilibriate in temperature

with the aluminum wall. The lower limit to the relaxation time can be esti- S

mated by using the thermal diffusivity of air, which is approximately

0.19 cm2/s at room temperature. Thermal diffusion from the center of the

chamber to the walls, a distance of 3.5 cm, will take place by conduction

within approximately 50 s. Actually, it will take place much faster by con-

vection. Therefore, while it is possible that the very short-lived tran-

sients seen in dry air could be influenced by thermal effects, the longer -

lived effects in wet air - especially the changes in the vicinity of 6.2 Pm
S- cannot be explained by thermal effects. If the water absorption is

affected by the irradiation, it must be a chemical or physical effect; not a

thermal one.

Whatever changes are imposed on the gas sample by the irradiation,

it is possible that absorption of the new species on the sample chamber )

walls will remove them. The time scale for this to occur can be estimated

from the diffusion coefficient for gases in air: 0.1 to 0.2 cr /s for typi-

cal gases (e.g., water vapor, carbon dioxide). This process also results in

an effective relaxation time of 1 minute, divided by an effective sticking

coefficient. The observed relaxation times can be consistent with reason-
able values of sticking coefficients.

As in the dry-air experiments, the wet-air data clearly exhibit

transient IR absorption lines. The fact that the absorption is measurable

even with a single ionization pulse depositing only 0.5 Mrad of ionization

energy implies that the effective absorption coefficient must be large;

i.e., comparable to the stronger absorption bands in NO2 and HNO,.

'5 While these data cannot unambiguously identify the processes that

5, occur in air in the aftermath of intense ionization events, they demonstrate

that:
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1. There are processes occurring on time scales from seconds to

many minutes resulting in new chemical species.

2. IR absorption measurements can be used to follow these reac-

tions.

3. Additional work is required to identify the chemical species

responsible for the observed IR absorption bands.
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SECTION 8

P/ DATA

In Section 3 of this report it was shown that the ratio of the

electron mobility (u) to the attachment rate ( ) is proportional to the ion

chamber current density, Je and inversely proportional to the electric

field, E and the dose rate D. That is, -
4%~

S e

Further, the grid voltage, Vg is directly proportional to the electric

field, E (neglecting the ion boundary layer). The true grid voltage is

obtained from the measured grid voltage, Vo by taking into account the
.4'

10 K,4 limiting resistors between grid and scope. Figure 36 illustrates the .

effect of the 10 K:4 resistor and the scope 50 ;, to ground. The true grid

voltage is then given by. :-

Vg 200 V0
I

The electric field is then E = Vg/d where d is the grid-to-ground spacing ..

(0.5 cm). .4"

Figure 3. Efeto10Krs

Figure 3b. Effect of 10 K, resistor on grid. -- '
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Since the geometry of the collimator, ion chamber and Faraday cup V 0,

and large amount of electron beam scattering made it difficult to measure % %.P

accurately the dose rate and area of the electron beam, the ion chamber was

calibrated by assuming the w/Ix value for moist lightly irradiated air from .
other experimental data. Figures 37, 38 and 39 present samples of the

oscilloscope photos for the moist air shots. Table 1 summarizes the mea- ,
surements from a number of shots throughout the experiment series. Some

data are shown both early and late in the 4 ws irradiation pulse. The aver- '.

age and standard deviation of the measurements early in the pulse is 0.95 .,

0. 12 rel ati ve un its, wherea s i n the same un its the measu remen ts towa rd the -'-

end of the pulses yield 1.01 * 0.16. The spread is slightly larger in the

late measurements, because the dose rate decreases during the pulse, as '.
shown in Figure 38. These two values are indistinguishable from each other

and are the same within an uncertainty of 15't. These measurements were all "...

* ...

taken with a grid voltage between 145 and 160 V, i.e. with an applied field

between 290 and 320 V/cm. For this range of fields and for 2.2,' water .'..

vapor, the previously measured ratio w/cx equals 1.6 x 10-' cmZt/V (Ref.13) ."

... . ) a-.-

Therefore, we have used the ratio between this experimental value and our .•.

relative units to normalize all the other data. ]

The results of measurements in heavily irradiated moist air are ""

summarized in Table 2. An example of these data, this one with an unusually ""'

long Excitron pulse, is shown in Figure 40. Within the uncertainty of the 1

measurements there is ro indication of a change in . as a function of

ac,-umulated dose up to 33 Mrad. '
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Upper: 0.1 V/div. Rear Faraday cup voltage.

Lower: 100 V/div. Grid voltage.

Upper: 20 -A/div. Ion chamber current.Lower: 0.5 V/div. Front Faraday cup voltage.

-iLgure 37. Grid voltae Faraday cup voltage and ion chamber current

for shot #210.
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V.

Jpper" 0.1i V/div. Rear Faraday cup voltage.

Lower: 0.5 V/div. Grid voltage..'

a. m

!, er: 20 mAidiv. Ion chamber current.

•' !r ' V div. Front Faraday cup voltage. []-'.

" I' ' ' '' ! v Ita ,i -. ,r aday cup) vol taqe and ion chamber current I

"-%

dt I

, '.

-: - . -. .. - : : : .: =, = . . ., 'I - J *. . .



S .

7.. T

,.

Table 1. Conductivity in unirradiated wet air (-2.2% H20).

Shot # V FR Relative

84 late 160 0.12 0.018 0.94 .h

I.... 5 -.

149 late 160 0.20 0.031 0.97 .5
I

-.

199 early 145 0.16 0.024 1.03

late 145 0.07 0.013 1.28

.I

210 early 160 0.15 0.024 1.00

late 150 0.13 0.017 0.87
5,--

214 early 160 0.20 0.026 0.81

late 150 0.11 0.016 0.97

Average Early: 0.95 ± 0.12

Average Late. 1.01 ± 1.6
! '.

Table 2. P/a in irradiated wet air (-2.2% H20). .5

Shot Dose (Mrad) V VFR I (FR/a) (10 - 1 cm 2/V) Jb

108 16 160 0.14 0.021 1.57

135 33 150 0.12 0.017 1.57

160 7 160 0.30 0.040 1.39

205 6 140 0.15 0.022 1.75

207 7 90 0.13 0.0125 1.79

208 7 230 0.16 0.042 1.90
°..'

209 8 250 0.16 0.046 1.92

74
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Upper: 0.1 V/div. 
Rear Faraday 

cup voltage.

Lower: 
0.5 V/div. 

Grid voltage.

Upper: 10 mA/div. 
Ion chamber 

current.

Lower: 0.5 V/div. Front Faraday cup voltage.

Figure 40. Grid voltage, Faraday cup voltage and ion chamber current

for shot 207.7
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Table 3. pIa in dry air.

Shot Dose Vg9 V FR I(I)(10 -1 cm2/V)

215 early 0.05 Ii0 0.17 0.028 2.49

late 0.5 125 0.13 0.027 2.79

219 early 2.0 110 0.19 0.034 2.72

late 2.5 135 0.12 0.028 2.89 "

168 early 1.0 125 0.165 0.030 2.42

late 1.5 125 0.10 0.020 2.67

182 early 8.0 125 0.165 0.030 2.42

183 early 8.5 125 0.15 0.034 3.03

late 9.0 135 0.105 0.025 2.94

Average Early: 2.62 ±_ 0.26

Average Late: 2.82 ± 0.12
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Upper: 0.1 V/div. Rear Faraday cup voltage.

Lower: 100 V/div. Grid voltage. III

Upper: 20 mA/div. Ion chamber current. 

"

Lower: 
0.5 V/div. 

Front Faraday 
cup voltage.

5%

Figure 41. Grid voltage, Faraday 
cup voltage and ion chamber current

.for 
shot 0215.
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Table 4. Effect of contaminants on pla.

WI, (10-1 crn2 /V)
Shot v 9 V FR I Meas. W/O Contamination

440 ppm NO2 in dry air:

223 early 70 0.135 0.015 2.66 4.0
late 60 0.13 0.014 2.99

I
221 early 115 0.13 0.024 2.67 3.6

late 120 0.11 0.020 2.54

222 early 210 0.135 0.048 2.82 3.4
late 240 0.115 0.043 2.61

400 ppm NO2 in wet air:

225 early 155 0.135 0.020 1.60 1.62
late 145 0.11 0.013 1.37

227 early 225 0.16 0.032 1.48 1.50
late 255 0.13 0.032 1.60

228 early 220 0.18 0.030 1.26 1.50
late 250 0.125 0.030 1.60

"1500 ppm" HNO3 in wet air:

232 early 120 0.14 0.011 1.10 1.70
late 92 0.12 0.007 1.07 1.92

230 early 160 0.14 0.020 1.49 1.57
late 145 0.13 0.014 1.24 1.60

229 early 225 0.175 0.030 1.27 1.50
late 240 0.13 0.025 1.34 1.49
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Upper: 
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Figure 43. Grid voltage, Faraday cup voltage and ion chamher, current 
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Upper: 0.1 V/div. Rear Faraday cup voltage.

Lower: 0.2 V/div. Grid voltage.

Upper: 10 nA/div. Ion chamber current. ",

.1%.

Lower: 0.5 V/div. Front Faraday cup voltage..,

Figure 45. Grid voltage, Faraday cup voltage and ion chamber currentfrso 2.-i
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Upper: 0.1i V/div. Rear Faraday cup voltage. .
Lower: 0.5 V/div. Grid voltage.

Upper: 20 mA/div. Ion chamber current. ".

Lower: 0.5 V/div. Front Faraday cup vol)tacle.
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Upper: 0. 1 V/div. Rear Faraday cup voltage." 
,

Lower: 0.5 V/div. Grid voltage. 
',

Upper: 20 mA/div, on chamber current.-.-'

Lower: 0.5 V/div. Front Faraday cup voltage ....

Figure 7. Grid voltage, Faraday cup voltag and ion chamber current ---,
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Upper: 0. V/div. Rear Faraday cup voltage., 
.

Lower: 0.5 V/div. Grid voltage. 
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-% 4%

U p p e r : 2 0 m A / d i v 
. Io n c h a m b 

e r c u r r e n 
t . a g e .

Lower: 0.5 V/div. 
Front Faraday 

cup voltage.

Figure 48. Grid voltage, Faraday 
cup voltage and ion chamber current 
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Upper: 0.1 V/div. Rear Faraday cup voltage.
Lower: 0.5 V/div. Grid voltage. 

./

Flo

A,,

~Upper: 20 mAldiv. Ion chamber current.

VII

Lower: 0.5 V/div. Front Faraday cup voltage.

Figure 50. Grid voltage, Faraday cup voltage and ion chamber current

for shot #230.
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Lower: 0.2 V/div. Grid voltage.

. • ,. - a..

Upper: 10 mA/div. Ion chamber current. %,.
Lower: 0.5 V/div. Front Faraday cup voltage.

Figure 51. Grid voltage, Faraday cup voltage and ion chamber current

for shot 232.
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SECTION 9

CONCLUSIONS

This experiment to measure the effects of ionization-induced smog

was beset with difficulties, particularly in finding a suitable source of
ionizing radiation. The source that could produce a sufficient dose in a
single pulse (i.e. AURORA) had too short a pulse. Other sources that might
produce the required dose in a single 100 is pulse were considered too
risky. The measurements were finally performed by using multiple pulses at

the Maxwell Laboratories Excitron electron source. Since the source was
not able to operate reliably at its maximum energy and pulse length, the
dose per pulse was lower than planned by a factor of 2 to 3.

Nevertheless, effects of even a single Excitron pulse on the

infra-red absorption spectra of dry and moist air were observed. These
effects are apparently not due to the expected smog species, especially
nitric acid, because the absorption lines are not at the wavelengths identi- .

fied for nitric acid and the apparent absorption cross sections are larger

by approximately a factor of ten. These are likely to be indicators of
other metastable species in irradiated air. S

Within an accuracy of 151 no effect of irradiation on /a was '-

detected in either dry or moist air at doses up to 33 Mrad in moist air, and
9 Mrad in dry air. The addition of 1500 ppm HNO 3 to moist air produced a S

decrease in w/a of approximately 20t at an electric field of 300 V/cm. Com-

paring this measurement with the lack of effect by irradiation, we conclude

that less than 0.5 molecule of HNO 3 was left in the gas per ion formed.

900
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APPENDIX

CORRECTIONS FOR SCATTERING AND ELECTRON BEAM DIVERGENCE

The angle of divergence of a collimated beam of electrons due to

multiple collisions is given by

<e 2 >= 47N z(z+l)e °  (P
v)  tn FYZ.' Nd (i0 1 (Ref. 1)

where eo, mo, p, v, is the charge, mass momentum and velocity of the

electrons respectively

Z is the atomic number of the target

N is the atomic density of the target

d is the thickness of the scatterer (in gm/cm 2 ) .

and is the fine structure constant (=1/137)

The anode of the Excitron is a 3 mil aluminum foil, with mass den-

sity of 0.02 gm/cm 2 . The energy loss of 250 keV electrons is approximately

2.8 MeV.cm2/gm. Inserting these values into the above equation yields a

bulk scattering angle of 6 rms = 0.85 rad.

In effect, the electrons are heavily scattered by the foil and the%'

0.01 gm/cm2 of air, so that the beam size at the back wall of the main sam-

ple chamber is expected to be larger by approximately twice the chamber

thickness compared with the incident beams.

Measurements of the effect of air pressure on the Faraday cup
reading are illustrated in Figure 52. Decreasing the pressure to 121 of an

atmosphere increases the electron beam current by a factor of 1.5. Since
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Figure 52. Effect of pressure (lower trace = Faraday cup).
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the scattering angle in the air is estimated to be approximately half as
great as in the Al foil, it is reasonable to estimate the dose at the

entrance foil to be greater than in the Faraday cup by a factor of (1.5)3 =

3.4. For a typical shot, the Faraday cup read 0.7 V, corresponding to a
current density of 0.3 A/cm. The estimated incident current density is

then 1 A/cm2, in good agreement with measurements made by Maxwell Labs per-

sonnel at the exit foil in the absence of our sample chamber.

REFERENCE

1. Segre, E. Experimental Nuclear Physics, Vol. 1, p. 285, Wiley (1953).
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