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,TOTAL LOSsS CROSS SECTIONS FOR D MOLECULES
PASSING THROUGH H GA%

Y oung Pinckney Oliver

Lawrence Rad1at1on Laboratory
‘University of California
‘Berkeley, California 94720

 ABSTRACT

' we"measured total loss (attenuation) cross sectionsv for 3 to 45
keV D2 molecules and D0 atoms passmg through HZ gas. A light ion
accelerator w1th an ion source operating in the PIG mode produced a
10 8 ampere D2 current. Hydrogen gas in gas_cell I neutralized a
: ‘porti'o"n”o.f. the primary beam. Hydrogen in gas- cell II re- ionized a
fractlon of the part1cles that had passed through the target cell. The
target pressures varled between zero and twenty -five mtorr All beam
| current measurements were. made with Faraday cups and electrometers
' withb"integrators Our vhlues for the total loss cross sections for D2 |

_increased monotonlcally from 1.7 X 10 -16 cm at 3.3 keV D2 energy

Lol 2 : s
to 3.0X'10 'lbcm at 45 keV. : ' o



INTRODUCTION o

In .connectlon with the controlled fusion: research at the Lawrence
Radlatlon Laboratory, Berkeley, California, we have measured the
total-.lozss cross sections of DZ molecules passing through HZ gas with
energies between 3 and 55 keV. Measurements by a different technique

have been made by Tom Morgan in the D2 energy range of 40 to 85 keV.

Calculatlons involving neutral pa.rtlcle injection into magnetic fields

requ1re the knowledge of loss cross sections for hydrogen molecules in

. hydrog_en».ga.s.. For experimental reasons we use fast deuterium mole-

cules With I—I2 as the target gas. ¢ , the total loss cross section

loss

for: DZ’ 1s defmed as the sum of part1a1 cross sections for all collision

processes for which the scattered part1c1e is not D2

In th1s experlment we often compare the loss cross sections of

"D w1th those of H.. We assume that total cross sections are. essen-

tiall‘y'-the ‘same for D2 -or'HZ molecules of the same velocity. Due to

‘momentum. conservatlon, differential cross sections in the LAB system

for D2 on H2 are more forwardly peaked than they are for H on H2

In the center-of—mass=coor‘d1natev.system, differential cross sect1ons

should be the same for both D2 on H, and H. on H because the extra

‘2 2

Vmass of DZ does not alter the electronic conflguratlon sngmﬁcantly

Our acceptance half- a.ngle for scattermg is . 38 degrees Only

. at 1ow energ1es does 1arge angle scattermg become 51gn1f1cant largely

due to elastic scattering. Changmg the acceptance angle from 31 to

. 38 degrees had no effect on 'e1ther_the' D2 loss or the D loss cross

 sections at 5.5 keV. From this test and from other tests w1th varied

collimation set-ups, we infer that loss due to large-angle scattering

‘is negligible at energies down to 5.5 keV. ‘These tests are d_escribed

in deta11 in the appendix.

The followmg d1fferent1a1 equatlon expresses the cross sectlon

for: the case in whlch there are no sources of DZ other than the

original beam.



dN = -Nno dl

where N = flux of the beam in particles/unit area-unit time

il

‘n = number of target molecubes/unit volume

.1 

‘target p,a_.th length

o= total loss cross section = a ’ ‘ ' o

’I‘he solution of the differential equati‘on;is.N = Nb exp(-nld‘),‘
But n = p/kT where p is the target gas pressure, k is the Boltzman
constant and T is. the target gas temperature which remains constant.

By-;ﬂplott1ng a _varlvable, that is proportional to N, versus the
targe.t preSSure, : Qe get a straight line on serhiv-log graph paper. The
slope of this hne is d[ ln(N e—plcr/kT)] /dp which is equal to -lo /kT.
One may calculate ¢ if he Knows the slope.

A D molecule colhdmg with an I-I2 molecule usually follows one ‘

of these four collision channels 2 ' .' ' oo

Reaction l: D_ + HZ -.2-.1 D+D+ H2 products ' %

2 !
Reacti.on- 2: D_+H 72 D+ t e l+ H. roducts
2T e e 2 PTOoc |
Reaction 3: D2 + HZ 13 D+ + D+ e. + H2 product_e
Reaction 4: Dz +H > — D + D +2e + I-I2 products

.The.target molecules may be ionized, excited, or dissociated.
| (the:subscripts .for the o's refer to the reaction type)
| The ¢ we measure includes all modes by which DZ is converted

into sdl’hething else. Most other data is presented in terms of 0'D+,'

¢+, and ¢ __ where

DZ. ) D
+ + 2 2 + deo _+=0 .
g = ¢ o o_ =20 o = :
D 3 4 °D 17 %380 S 2 |
IOSS=%¢D+?_UD+ +GD; to o t79 other



Vot

-point in comparing our data with previous measurements )

'are references arrailabl_e which address similar theoretical problems.

G W McClure has measured ¢ + and o - over a large energy

h spectrum, and has calculated O'H a.t ‘10 ke\/‘2 (H ‘We refer to th1s

other .

includes the loss of D2 from the beam by non- 1on1zmg and non-disso-

'cxatwe scattermg at angles greater ‘than : 38 degrees .As mentioned

vprevxously this cross sectlon is believed to be negl1g1b1e for D, loss in

2
this experiment. o.neg includes those reactions in which negatlve ions

are fprfned-——DZ* D~ + Dt, and‘:DZ--. sz; If we take the dif_ferebnice
between T loss and 27 + 30“H~+ O'H2 + froru McClure!s data, ye find
that Uineg'-is less than 1 X 10-17 cm2 at 10 keV Assuming a rough

OI’ 2
<., for Don H,, we ‘expect. a’r‘legwto, be maximum at 10 keV and to

- similarity between .¢ . and ¢ ;the cross section for D +H — D" +
A : neg

decrease as the.particle energy either increases or decreases

To further check our expenment for systematic errors we have

also measured the loss cross section for D on H2 This value is well
5-11 '

'known to very low energy ranges. Our measurements compare

favorably w1th the pubhshed values.
Quantum theory is not easﬂy applied to give theoret1ca1 cross

sect1~ons for our problems because the interaction time is comparable

to the e'l'ectrc_)n period. The Born approximation is valid only for

energies much greater than those with which we are concerned. Our
energy range is greater than fhat for which the adiabatic approximation-
is valid. The quantum mechanical formulation leads to a many-body

problem that is alme_st insoluble in formal scattering theory. There

12-14



METHOD AND APPARATUS

o . _
D and'DZ ions created in a PIG. (cold cathode Penning

- discharge) ion source,

are accelerated across a 3 to:60 kV.
 potential. A ninety degree;,b,ending magret selects the species of
i'nteresb_tﬂt_o the exper_ime_rﬁ_: (see Fig. 1). As the ion beam passes
thfoﬁgh’ an 'HZ" filled cell, about 30 per cent of..the ions are neutralized
throp‘gh charge exchange. . The optimum gas.pressure for this process
for 10 keV Hz’s._ie 20 mtorr with a neutralizer path length of approxi-
mately 5:cm.. Electrostatic deflection plates sweep the remaining
p}rima,r’yvions into a Faraday cup. Th1s current, the master current,v’
is.f_ed i‘nto the integrator and is used to normalize the cup Il current.

. .The neutral beam passes through the tar.geﬁ cell:into an ionizing
vch'a.‘mber and then into a second analyzing tank. The gas pressure in
the target cell is measured w1th a Barocel capac1tance manometer.
High voltage between parallel wires in the. target:cell deflects ninety
per ‘cent of the ions out of the beam line. . A two kilogauss permanent .
magnet deflects the rest -of the ions before theyber.lte»r the ionizing
region. About five per cent.of the remaining:partioles are re-ionized
in thve i-oni.zerr‘ce’]il, Deflector plates sweep these ions into the Faraday
cub.' The pressure in the ionizer region is kept at some constant
pressure between .5 and 8.0 mtorr throughout a 51ng1e cross section.
medasurement so that the current measured in the Faraday cup is
proporvtional to the number of neutrals passing .through the target
-cell. Scaled drawings of the apparatus are presented in Figs. 2 and 3.~
. We measured the cfoss section at each ene'fgy by plotting
attenuation curves ‘with,r.espect to target pressure. We "tuned' the
beam on the accelerator by varying the source conditions, focusing
currehf, bendingvmagnet current, and deflection voltage so as to

obtain the strongest possible steady beam. For a well-tuned beam

: , - -11
a typical current measured in Faraday cup 1 was 5X 10 amperes .
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A typic.al DZ current in cup II was 10-12'ampe»r_es, - The Keithley
:el‘eictr.ome.ter is c_:apable of measuring ion cﬁrrénts as low as 10-1.-4
amperes; In order to measure the 3 keV DZ loss cross section, we
vrnevasui'ed ian unattenuated cup II current of 1.9 X 10.;.1 . é.mpel_'es. .This
‘weak ion currént set the lower limit on our enér'g‘y range. At low
energies our ion currents were very steady. Th.is indicated that all the
currenf.and voltage supplies were well vregulated and the source condi-
tions were stable. |

+In a typical run we zeroed the electrometers and ,begavn:with_two .
‘or three background pressure counts. - Typiéal b_ac;kgrob.nd target
prev‘ssures,-were 1 )_(,1,0'5 torr. -T.ypicé‘L pressures.in the region imme-
diatel:y.,outside of the target cell were 3.0 X 10f5 torr.for a target
cell préé‘sﬁre of 15 mtorr. After this w.e made counts at five or mix
pressufes between 0 and 25 mtorr of targét pressure. We repeated
thi'ssprdéedure two or three times and ended with a background count.
Then we closed a valve to shut off the beam entering the target cell.
We checked for background currents due to discharges or current leaks. |
Typical.bbackg.rouh_d currents were 10-14 amp.erés, We always corrected
our attenuation counts for the background currents. Immédiatély after
-each run we plotted the counts versus pressuré__ on semi-loglgr.aph paper.
We che_(:ked'the graph for linearity and the calculated cross sections for

reasonability. Figure 4 contains a sample attenuation plot.
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EXPERIMENTAL RESULTS

Our measurements extend the range of known H2 1oss cross
sectmns from 20 keV down tol.6 keV McClure's measurements of

o d :
UHZ an UH+ went down to 4 keV. but he calculated o'H-for only one.

.energy— 10. keV In Fig. 5 we compare our measurements with McClure s
51ng1e pomt and prev1ous measurements at higher: energles by Tom
Morgan, who used sc1nt111at10n detectors.for his partlcle countmg

.In Fig. 6 we .show-our values of T loss for H on H, ‘We made -
. 'this__measu,rement as a general check of the accuracy of our technique.
O-IOSS.I'S. eéual to 6'01 + o'.e 1 Gother" T ther is due to non-ionizing
(such as elastlc) scattering and is shown in the appendix to be neg11g1b1e
The ef_fec_t' of colhmatlon size on the cross sections is discussed. In
Fig. 6 w_e obtain our values of o1 by subtracting McClure's values.
for O'd’_'y_llffrom our values for T loss® " Loss o‘f par_tic’les due to 1arge-
angle scattering would tend to make McClure's measurements of o1
too low and would tend to make our measurements too high because
McClure is measuring- H production whereas we are measuring D loss.
One may be quite certain that the true value is bounded by these two

‘measurements which imply . a maximum uncertainty of 20 to 27 per

cent of a. few keV and 5 to 10 per.cent at 20 keV.

LU
o

o
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L
DISCUSSION AND CONCLUSIONS

Cross-sections for the loss of 3.2 to 55 keV D, molecules passing

2
through hydrogen gas have been measured with an estimated uncertainty

of 9 per. cent. Specific sources of uncertainty are described in this

section.

We determmed the particle energy by assummg the partxcle to be
accelerated through the source extractor. voltage plus the stack voltage
Although the stack voltage is very accurately measured it is not poss1b1e
to méasure the exact extractor voltage..becaus,ez the surfaces. of the ian
source t,are surrounded by a plasma sheath of unknown potential. For . B
this 14:,eason we have plotted the hall current in the bending magnetic
field i\(ersn.ls the estimated energy (Fig. 7). T‘h:e plot should be linear
on log-log"paper with a slope of 1/2. The actual plot is quite linear
for both D and Dz.b’ The slope for D'is .520 and the slope for D'2 is .517.

. Examination of the graph on Fig. 7 shows that a.constant incre-
ment or decrement (as in a plasma sheath) of as much as 300 eV to
each of the energy- pomts would not cause the curve to appear non-

linear. The voltage drop across the plasma. sheath 1s est1mated to be

17
200 volts, .. which is less than the 300 volts uncerta.mty A 300 eV

'uncerta1nty in the low energy reglon gives a 10 per cent energy uncer -

" tainty in that region. In the 2 keV to 10 keV- range a 10 per cent energy

uncertainty gives a 1 per cent uncertainty in the '0'01 Cross sectlons

for H and a 2 per cent uncertainty in the HZ loss cross sectlons.

v Our experiment requires only that electyometer I meaéure a

: constant fractmn of the pr1mary beam and that electrometer II measure

a constant fraction of the secondary beam for each attenuatmn plot

'The best way to check thlS is to make repeated counts at a glven target

pressure. Errors due to these fluctuations were less than 1 per'cent.-

Our pressure measurements were made with a Baracel capac-

itance manometer. On previous experiments this type of manometer
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18 .- . .
has been determmed to be accurate to within; 5 per cent. . T.he 11ne-ar1ty v

of the plots and the agreement with other cross sectlon measurements

“confirm thlS estimate.

»  We estimate the effective target length to be 8. 86 cm. The outside
le'ngth ,_in the target cell is-10.16 cm. The inside length is 7. 5-5 cm.
We estirna'-te-the -effective- tar.-'get length to -be the rnean of these two lengths
with an. uncertamty of 5 per cent. | |
Errors due to. 1mpur1t1es in the target gas are beheved to be neg-
ligible. Frequent checks of the vacuum system enabled us. to be sure
that no ~xa‘ir:wa}s,leaking into the target' cell. Our gas source was a fresh
bottle'of "pure HZ' Close agreement with previous measu‘rer_nents at
energ{es greater’than 9 keV tends to confirm this belief. |
| The curve through our cross section values on F1g 5 has been

drawn free hand so that it is smooth and the sum of the deviations from

~ the curve is nearly zero. The standard deviation of D2 loss cross

-16

sectlons from this curve 1s .076 X 10 ‘cm . This. glves a 4. 4 per

cent stat1st1ca1 uncertalnty at the low energy end of the range and a
2.5 per cent uncertainty at the high energy end. ‘

Con31dermg all potent1a1 sources of error we estimate the total

vuncertamty of our cross section measurements to be 9 per cent. (See

" the error analys1s section of the append1x),
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- APPENDICES
Collimation

To make sure that particle loss due to large-ang.le scattering was -

| negligible we maae the_foll.owing collimation changes and observed their

effects. _

1. Origir.lalg'Sét-v-up S
- o o ‘ D - To Faraday
~Beam - -~ Target ° ' lIoni'zer ] LT o

S 1sT 12 ~ + 7 .170" .280" Deflection plates

The"dimeﬁsi'ons "r‘efer to the aperture siga At 19, 8 keV the D loss
-16 -16

cross sections were 1.1X 10‘ . cm2 and 1.06 X 10 - cm on two

independent measurements. -
1I.

"'lT‘argét S ( Ionizer 1

o T2t 1sm (170" .280"

‘At 19.9 LgeV'the D loss cross section was 1.LX 10" cm".

At 11.9 keV the D loss cross section was 1.21 X IOF‘lécinZ'

b-considerably greater than McClure!s value. .

Il

| o ! lonizer !

[Target | |
J127" . 1le69" 7 J170m 280

e 110 ¢ : X G162
At 11.9 the D loss cross section was 1.35X 10~ c¢cm with an ionizer

pre_ss'._uli"e" of 4 mtbrr,
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Iv.

.. Target . onizer |
127“ 169"' o .201" 280"
At 11, 9 keV the D loss cross sections were 1.22 X 10 -16 cvm2
with PI = 2.8 mtorr (P = ionizer pre's'sure), 1.15X 10-16 cmZ'
with PI = 1.26 mtorr, and 1 14X 10" -16 cm? with PI' = .72 mtorr.
The fact that crloss ‘_rema.med constant for the lower ionizer pressures

is a g_ood indication that we are not losing many neutral p._articles th’reugh

large-angle scattering.

V. B
,l Target | : Ioruzer .
N ' N l |
110" L 1le9n .201" 280"
v16 2
At 11. 9 keV the D loss cross sections were 1 2 X 10 cm
-1 ‘ :
with P =1.08 mtorr, 1.1 X 10 6 cmz with PvI =-,70 mtorr, and
1. 3X 10 -16 cmz with PI = 3,6 mtorr. The loss Cross. sectlons for
11 9keVD 's were 2.04 X 10 -16 cm2w1thP 40 2. 2 1.02, and

6.0 mtor.r and 2.05 X 1_0 -16 emz w1th PI = .42 mtorr. At 5.5 keV the

loss cross sections remained constant for several different ionizer

pfessu'res The acc‘epta‘nce half-angle as de‘fined in Fig. 8 is . 31idegrees.

The 5.5 keV D.loss cross sections were I.2X 10 16 cm2 with PI = 3.0, |
1.8, and 5.8 mtorr. The 5.5 keV D loss cross sections were 1,78 X

162 é
10 cm w1thP = 2.8 and 5. 6 mtorr.

3
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VI

j..]T.«’;lrge't h ] R I Ionizer I

J110" [ 169% S, 213n 280" =

We mcreased the acceptance ha.lf -angle from . 31 to .38 degrees for the

final colhmatlon set- up. The 5. -5 keV D loss cross sections:was 1.2X

-16 - 2
10 cm  with P = 1.88 mtorr. The DZ. loss cross sect_lons were 1.78

X 10 1,6 cm2 with P = 1.88 and 3.0 mtor'r . We conclude that D loss and

D loss due non-ionizing and non-dissociative scattermg such as elastic

2
scattering ia negligible down to 5.5 keV D and D energy. At 3.35 keV

2
the D loss cross section was .815 X 10 -16 cm W1th P, = 6._. 6 mtorr.

Lo

At 3. 35 keV the DZ loss cross section was 1. 72 X 10 cmszith PI =

6.0 mtorr. We have no proof that we are not 1os_mg neutral particles
“due to larf‘ge—angle scattering at this low energy point'. Comparing the

shape of our curve for %ol with that of McClure and Barnett and Stier

in this energy range leads us to believe that we are not 1031ng very many.

As a final check we re-measured the D, loss cross section at 42.1 keV.

2
- -1 . _
Our value was 3.14X 10 6 cm  which falls within our uncertainty at

that ene'rg.'y.
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Error Analysis

-~ We take the totav.l;uncervtainty to be equal to the square root of the

sum of the squeres of the individual -'uncertaint_ies.
o = xT
T |

- where S .= th'ej slepe on the ‘semi'-log plot

. :
S= ;2 -where. PI/Z is the target pressure increase wh1ch
1/2 attenuates the beam by 1/2.
= % o do = absolute uncertainty for o
vz . . . v
& fractional uncertainty for o
: o
X
do ,,(.g—q:),,dq A L : T
— = —=2&e—— is the fractional uncertainty in ¢ due to the

absolute uncertainty dq in parameter q.

Cde Jar? | dP1/2 a1
o ‘\/(Tl+(P 1/2') +(T) _.

" The total uncertamty for o also mcludes a 4 per._ cent uncertamty
w1th respect to-the mternal cons1stency of the measurements (thlS
is the statistical uncertainty dlscu_ssed in the D1seussmn and Conclusion
| section) and a 2 per cent uncertainty in ¢ due toa 10 per eent uncer -
tainty in the energy measurements 'af low energ‘ies;.

In Tabular Form

C_dri-e"sponding [y

_ _.Pafemeter | 7 'Unce‘rtaintyv Uncertainty
Temperature ' 2% _ . 2%
Pressure S | 5% ' . 5%
_Térg’ét VLe.ngthv e 5%
,Intexv'nali Consistency. - 4% S o 4%

Enéi‘g’y", . _ | 10% S 2%
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The estlmated total uncertamty for both the D loss and the D2 loss

”cross §_e_ct10ns = \/22 + 52 + 52 + 44 + 22 =-\/74 8 6% or 9%
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FIGURE CAPTIONS |

1. = Schematic drawing of the experimental arrangement. . The

. pressures in the neutralizer and ionizing region are kept constant.

One or more "counts" are made at each target pressure point.

Sca_lﬂeri,bllv Ycounts" (integrates the cur‘rent)”asv}song as Scaler 1 is
coﬁnt_irig. .Scaler I counts until a preset accumulated charge is |
rééqhed. ﬁ ' ,

2 . 'Side view of the experimental apparatus. A one kilogausé

permanent horseshoe magnet is placed between the té;x"g-et tank and

‘ahd't"he.fir_st flange to the right. “The magnetic field deflects all

‘cha.'rgéd particles remaining in the beam. The right two-thirds

Fig.

Fig.

of this pipe is the ionizing region.

3.; Top view of the experimental apparatus. -

. 4. Integrator "counts" are plotted versus target pressure for

5.67 keV DZ.; This is the raw data from four experimental runs;

at four different ionizer pressures.

. 5. .HZ-‘ loss cross section versus the particle energy. We

: compére our results with the McClure'!s data point at 10 keV and

with Tom Morgan?s results on previous measurements. Tom

Morgan used the same experimental apparatus but detected the

DZ'S ‘with a scintillation detector.

6 The total loss, electron loss, ‘and electron capture cross .

s 0 0 .
sections for H atoms versus H energy. We are comparing our

. values for o with those of MéClure,' and Barnett and Stier.

01

. '7 Estnnated particle energ1es versus the current of the Hall

probe in the bendmg magnet!s field. Theoret1ca11y the plot should

be linear with a slope of 1/2. The true slope for D_2 is .517 and

the true slope for pt is .520.
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: F1g 8. , Schematxc dxagram of the fmal colhmatmn setup The ahgles
' are magmﬁed f1£ty tlmes thelr true size. Neutral partlcles near |
the center that are deﬂected less than .76 degrees will be. detected

All neutral partlcles deﬂected less than . 39 degrees w111 .be detected

¢
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responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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