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Collisional Electron Detachment
from 20-MeV DO and D- Ione”™
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Lawrence Radiation Laboratory
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Berkeley, California

December 30, 1963

ABSTRACT

GCross sections for collisional eclectron detachment from 20-MeV deuterium
atoms and negative ions have been measured in HZ. He, NZ’ and Ar. The cross

sections ¢ 4 per target molecule for the ionization of neutral atoms are 2.2, '1.6,: .

i8

0
20, and 36, respectively, in units of 10°

cmz. Results for single electron
detachment from D~ ions, O_4p° are 7.5, 4.7, 58, and 75, respectively. Ml
valuee_ have an uncertainty of £410%, chiefly from absolute-pressure calibraticAm» ~ 
unce‘rtainties. The experimental values for atoms m HZ «;nd He are in
agreement with calculations that use the Born and free-cpllision approximations,
The measured cross sections for single electron detachment from negative ions
in HZ and e are about one-half o‘£ the calculated values. The two-electron-

detachment cross sections; O_yq 2TC approximately 4% of the Single-detachment

cross sections, ¢ 10" in all gases,
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I, INTRODUCTION

The cross sections for electron loss from fast hydrogen atoms in hydrogen
and helium targets have been calculated by using three models: the semiclassical
model of Bohr, i.the "free collision' (impulse) approximation, 2 and the first Born
approximation. 3.4 All of these models predict an E'i energy dependence at high
energies (i, e., where Zezfﬁv <<14)., Fora h;rdrogen target, this conditioﬁ implies
encrgies above a few hundred kilovolte, In this asymptotic region, the Born and
free-collision approximations give numerical values that agree with each other
and with exvperiment5 to within 15%.

For single electron detachment from fast H~ ions, the evaluation of the -
cross section by the Born approxirnation has been considered too cumbersox;ne to :
carry out with the best available H wave function, and the result is so senéitive "
to the choice of other approximate wave functions that the magnitude of the ‘cross

~section is very uncertain. 6 The free-collision approximation, on the other hand, |
permits a simpler calculation; since it has given good results in the case of
electron detachment from H° it might be expected to be fairly reliable in the H~

case. It has been used to calculate H~ cross sections in H and I—Iez and in Nz
2 :

| and 02. ‘
We know ofvonly three H experiments at energies that are sufficiently high
to test the free-collision approximation. Rose et al. 8 have made gas-cell mea-.
sur;men‘ca at energies up to 1.8 MeV in HZ’ OZ’ Ar, and COZ' Fremlin and
Spiers9 and Verba et al. 10 have reported measurements in air at higher energies
{(but under less weil known conditions) by observing the radial éttenua.tion of H™
internal cyclotronr beams., In ,__'gene‘ral, éhe experimental cfoas sections are well

below the calculated values.
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In the present work we have measured the cross sections fox.' eléctron
detachment from hydrogen atoms, G g, and from negative hydrogen ions, O_40
and O _4q in a single high-energy experiment under well control]_.ed conditions,

We note that the magnitudes of these cross sections and the way they ex~
trapolate to higher engrgies are of interest in certain high-energy-accelerator

' design considerations. 79

IL. EXPERIMENT 4L ARRANGEMENT

The expérimental arrangement is shown schematically in Fig, 1 A beam
of 20-MeV D~ ions i from the Berkeley heavy-ion linear accelerator was bent.
15 deg to remox;e any possible contaminants. For the measurements of Toqr
the neutral beam was obtained by single electron stripping in the first gas cgil;
all ione emerging from the gas cellli were swept out by magnet Sl, which‘ha‘d a
fieid strength of 4 kG, For the measurements of % _40 and C_4q the first glz&
cell was evacuated and magnet Sl was set at 0 kG. i

The collision chamber was a differentially pgméeci gas cell, consisting of .
a high-pressuré target chamber sandwiched between two intermediate-'press‘ure
chambers backed by a 1500 liter/sec oil diffusion pump; The chambers were
bonnected by 6-mm-diam 5-cm-long tubes {inset vFig. 1). With thivs cell a base
préaaure of 5>‘\10-6 torr could be maintainéd in tifle drift sections when the preésure
in the target chamber was SXi’O'Z torr. Tl;e effective length of the target chéfmber
was L = 241 cm., ‘Integrated target densities ranged from NL = 0.5 i.to‘ : |

15

30%x40 a‘coms/cmz for Ar and N,, and NL =2 to ZOOM;OiS atonxs/cmz for

He and H The pressure in the target chamber was monitored by a Westinghouse

2.

Type 7676 high-pressure ionization gauge (Schulz-FPhelps gauge) which was cross
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| caliﬁrated with three liquid-nitrogen-~trapped McLeod gauges, Fluc.tuationa of
the calibration from day to day and uncertainty of the absolute accuracy of the
McLeod gauges indicate an uncertainty of £10% in the pressure,

The ions in the beam emerging from the gas target were deflected by
magnet S2 (3kG) and steered into the detector CC by magnet A(= 8 kG), the
-neutrals were détevcted by NC, The detectors NC and CC each consisted of
a 5-cm-diam plastic scintillator and photomultiplier, By means of collimating )
slits it was determined that the ions reaching the detector were well localized in
a 5-mm diameter, be:;m spot, which was small _compared to the _size’of the de‘-‘
tector. If two species of ions were to be detected, magnetv A was used to steer o
fiz;st one and then the _other into the détectbr- CC, while the neutral count"er’w’as’ ’
used as a monitor. : | | o e

III. RESULTS AND ANALYSIS "

Cross sections were calculated at 2 number of pressures for each target =

gas according to the fdllowing formulae. (We neglect cross siectiovns for electron

-

capture by the fast ions; these are at least three orders of magnitude smauér
than the electr;n loss values considered here. )12

If n, is the number‘éf hydrogen atoms at a depth # in the target, 001 '
is the cross sectic;n for electron detachment, IT = NL is the target thickness

(atoms/cmz). and n

+ is the number of positive ions produced in the thickness

" @, then we have
dn

0 . . o+ : .
T < ™%t I ¢ o (1)

with the solution

g n_ (1) o R
0’01::_-17-'111' 1.+-—-—m)-n0 . e - o l-.(Z)n
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Similarly, the disappearance rate for negative hydrogen ions due to loss of one
electron (0*_10) and two electrons: (o-_“) in a single collision is given by

dn_ P
- S L IPTI JPPL Bt

with the solution : -

n (1) + n, (1) T
In [i + +_ u-(n)o J . (4)

, = 1
O 40¥9 11T

Using the additional relation

am % B.9.40 " %0%01° o -G

we obtain

(6)

. s ng (1) Oos = (0 g0t 0 _4q) -
-10 ~ n_{(II) 1- expn(o_w+o_“ -001'

D |

Equations (4) and (6) were solved for o_40 and o_'“. and Eq. (2) was solved

were for %01° Uncertainties in the pressure, cell length, ‘background correction, and

counting statistics were propagated through the above equations té obtain the un-
certainties in the cross sections.

At sufficiently low pressures, the above equations and the uncertainties
in the results can be approx‘imated by relafively_simple expressions that d_emop-
‘strate the correct limiting behavior.

The 061 calculations quoted in the text have been carried out fdr.fast
hydrogen atoms in the ground‘sta.te. _If an appreciable fraction of‘the atoms ;>£ _
our beam were in excited states, and if the variation of ¢ 01t witl;x 'qua.ntum level,
'n, were sufficiently large, then the experimental values could be considerably
greater than the ground-st'ateA cross aectioné._ This situation would ﬁhow up as
a decrease in the measured cross sections with increasing gaa-ceulpreésure.

- closely approachihg tqhe ground-state’ value at thg highe: pressuree.. Unforiunately,

we did not have time to take ¢ 01 Over a large prebaufq range (the maximum was
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a factor of ten in HZ), ‘but no variation of the kind mentioned above occurred

in any of the gases.,
13,14

.

It is known that perhaps 45% of the neutral atoms produced by charge

exchange or H2+ breakup are excited to n 2 3; the fraction in each state is

f=(2 - 3) n’3. {(The n = 2 states completely decay in our geometry.) Pre- R

liminary measurements by us indicate that the excited-state populations are !

* i

an order of magnitude smaller when the atoms are produced by clectron
detachment from negative hydrogen ions, as in this experiment. There is also

. 14, 15
evidence

that the detachment cross section varies more slowly than n.
We therefore conclude that the measured cross section is appropriate to the
ground state. This question does not arise f{o'r.. the negative-hydrogen-

.
N

detachment cross sections.
Results for nitrogen'ére shown in Fig. 2 in order to illustrate the Aegreé“;.
of internal consiétehcy. - Results for other targets are of similar quality.
The weighted averages of the various cross;aection"measuzjemelxzts are
given in Table I; To aid in the discussion, they are also plotted in Fig. 3 to-
- gether with lower energy data from other experiments and theoretical estimates-..*.; :

Inv this figure, and in the following discussion, the ions are treated as if they

were 10-MeV hydrogen rather than 20-MeV deﬁteri_um particles.



-6~ UCRL-10892

IV, DISCUSSION AND CONCLUSIONS

A, Electron Detachment from Neutral Atoms, G4

Cur measured cross sections for electron detachment {rom neutral
hydrogen in H, and He are in excellent agreement with the theoretical pre~ -

dictions of the free-col}.isi.cm2 and Born a,ppx'o;cima.tim'zs3 and are consistent
with an g1 extrapolation of the lower energy results 'of Barnett and Reynold85
(Fig. 3). For fhe‘ heavierl targets, N; ‘and Ar, such croés-sgction calculations
_have not been reported. A linear extrapolation to the results of Barnett and -
Reynolds indicates that certainly in Ar, and probably also in N, the cross
section falls off less rapidly than the g1 predicted fﬁrandobsérved in the
lighter targets. The semiclassical theory of Bohr, ! which also predicts t'h\e
E'i energy dependence in light elements (although it considerably overeati;nates‘
the magnitudes of the cross sections), predicts a weaker energy dependencé,
approximately proportional to E"-i/2 for medium-2 élementsss. For reference,

1 .-2/3

lines corresponding to E~°, E . and E'i/z variations are drawn through

our 0., point in Ar, but these are not intended to suggest that the asymptotic :
! ' et sty asn SR

h vénergy region has been reached.
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B. Single Electron Detachment {rom Negative Hydrogen Ilons, 9_40

The results for single electron loss {rom negative hydrogen ions,
O_40° seem to show the same energy dependence as the 0'01‘ cx.'oss sections
at high energiez (Fig. 3). The Born-approximation calculation of MchwelI
and Peach6 for a ﬁydro,gen target predicts a cross section that is 2-1/2 times
our experimental value. Moreover, in the 1- to 10-MeV energy range their
calcula;ed cross section.haé not yet reached the asymptotic deéendence and thus
varies rﬁuch mo;:e' slowly than E‘i. (The line marked M-P in Fig. 3 is their
asymptotic solution. ) As mentioned in the introduction, this calculation is ex-
tremely sensztwe to the choice of the approx 1ma.txon to the H~ wave functzon._
Because of this, they state that their results should not be in error by morle
than a factor of five at high energies. !

The free-collision approximation. w};ich requires only a knowle.dge +
of the mnxzatxon potential, also gives results that are higher than the expen-;

“mental values for riz. 2 He, 2 and N2 7

C. The Two-Electron Detachment Cross Sections, C_44

The cross section f§r the loss of both electrons from an H ion, 0 _4q
is approximately :4% of the one-electron detachment cross section, O _40° at
10 MeV in all of the target gases. This proportion is similar to that observed
by Fogel et al. at ehergies o£_40 keV or léss. 16 We know of nov tbeoretical pre-
dictions for thé O_44 CTYOBS s'ections.; thé préfbllemv is currently unéer‘consid-

eration by McDowell. 17
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D. Summarz

The measured 04 CTOSS sections are in good agreement with theory
for H2 and He target gases; calculations are not available in higher Z
materials., The 0_4o CToss sections are not in good agreement with theory.
As yet, no calculations of O _44 have been reported,

N

Measurements at considerably higher energies are necessary before the

asymptotic nature of many of the cross sections can be es.tablished._
4 .
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Table I. Measured Cross Sections per Target Molecule for 20-MeV

Deuterium (in units of ’10'18 cmz)
0,114 001
To1 9.44%%9.40 0_10 011 R %10
%41 0% %40% #40% 225% - -
, 2.2 7.8 7.5 0.29 0.038 0.34
He 1.6 49 4.7 0.44 0.029 0.34
N, 20 64 58 . v 2.7 '0.046 0.34

Ar 36 78 " 75 2.5 0.033  0.48

8
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- FIGURE CAPTIONS
Fig. 1. The experimental arrangement.
Fig. 4, Cross-section measurgments in NZ vs preésure. :
Fig. 3. Energy dependence of the hydrogen cross sections; O -0 _40°

O

The '"10-MeV" points are the 20-MeV deuterium -
12

"0y Bt Oy

data of this paper, and the others are\from Allison’s review article,
which includes measurements by Barnett a‘nd Reynolds (B-R),‘

Fogel etﬂal. (F), ‘Hasted and Stedeford (-5}, Rose et al. (R)., Stier
and B'arnett (S-B), and Whittier {W). The solid lines are internal
cyclotron-beam measurements by Fremlin and Spier99 (F-S) and
Verba et al, 10 (V). | The Eroken lincs give Born-apéroximation calcu-
lations by Bates and Williams® (3-W), Bates and Griffing" (B-G), snd
McDowell and Pea.ch6 (M-P), and frée-collisidn-approximation cal-

culations by Dmitriev and Ni.kolaev2 (D-N) and Wright7 (Wr).

[N . q
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