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\
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ABSTRACT 

.HI 'l'he probabi.aty oi electro:;.:. detachm~nt :b:or;:::. :::o~~.·:f:e\. .... ions by the 

Lorentz force of a :rnagnetic field has been measured as a function of field 

strength. For a transit time thro·llgh the magnetic field of .:::: 5 X 1 o:-l 
0 sec, 

. . . 

the detachment process becomes important at an equivalent electric field, 

~ = v(v/ c)X B. of about 3.2 X 1 o6 V/cm and is esaentially complete at ... ..,. ,.,. . . . . 
. 6 
4.2 X 10 V /em. The results are in a.greement with . calculations by Hiskes i · 

and Khoe. 
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.Electron Detachment frorn 20-MeV D'" Ions 

by a Magnetic Field 

""' \ Selig :N. K.a.pla~, George A. Paulikas, and Robe1·t V. Pyle 
i, 

\ 

j Lawrence Radiation Laboxatory 
· University of California· 

Bei:.kelGy, California 

April 19, 1963 
\ ! i .' ~. 

i INri'RODUCTION 
I . . 

A pal·t~cle trlversing a·magncti~ field B ~ith a velocity v experiences 
. . . ' . . .,. . -. . . @ ·. . . . 2 2 -1/2 

an electr1c f1eld Co = '((v/ c)XB~ where 'I = (l - v / c ) , • If the electric .field 
~ HI/A . ,·,·.- ' . ' 

in the 1·est. frame is sufficiently strong,· one or more electrons may be detached. 

fron• an atom or ion. 1 . The preser~t paper describes .a measurement of the de~· . 

tac~.nent probability for negative hyd1·ogen ions, in our case D-. 

Accelerator designers have discussed the desh·ability of accelerating 
. . 

. . ' ' . . . . . '' 
nega"i:~ve hydrogen beams because. ,of the relative ease of extraction from cir-

. cular accelerato:i:'S after otripping to neutral or positive ions.
2
.' 

3
• 

4 
·The loss of 

ions within the cyclotron or synch:~:otron thr~ugh ~ollisiona with the bac.I.<ground 

gas has also been considereJ • 4 and found to be a real but probably ma~age.able 
problem. A more serious limitation to the development of high-energy negative 

hyd .. ·ogen beams was suggest~d in 1956' by Khuri, 1 who showed that the y(v/ c)X.B 
' .,. ,.,,,_.. . ""'• 

equivalent electric field of a typical circular accelerator would detach an electron 

from a negative hydrogen ion by the time that it reached a kinetic energy of 
·perhaps 30 MeV. 

The high-field short-lifetime expel"iments described here were Wlderta:ken 

as a check on the Knuri theory; .at tp.e same time t{iskes5 refined Khuri 1s caicu-

lations. The recent demonstration that a high-quality, if low-energy, proton 
. ' . . 6 . 

. beam could be extracted irom .an H·~ cyclot:ron has renewed interest in the 

pr·actica·l implications of electron detachment by the Lorentz fo:rce of a magnetic 

field. · These irt1plications for cyclotrons and synchrocyclotrons have been dis-

7 
cussed. by Judd. 
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We note in pa.ssingthat the detachment of electrons f1..·om negative helium 
.' . 

ions in a static electric field has been measured by Riviere and Sweetman8 and 

the detachment of electrons ~:ron1. nc:~utral hydrogen aton1.s by static electric or 

9 ·o 11 12 · · 
v/c X B fields has been calculated or measured1 

; · ' · by several groups. 
_. NA \ 

H. THEORY 

In this section 'JJe will outline Khuri1b intentionally 1·ough, one-dimensional 

. WKB calculation to demon~C1·ate the physical process, and present the results. 
' . . . 

of T#·:Jkes 1 .mo1'e precise .calculations fol· compal·ison with the experiment~ 

l<huri assumed that the effective potential energy of the ext:;,·a electron in 

. the H- ion is given by 

? 

V(x) = Z 
•.. 

e (1) 
X 

wher<=: £ :::: 'Y(v/ c}X.B,, and x is the displacement o£ the electron fro:;:n the center 
...,.. #t/IIA ~ .•. ,_ 

'of mass. The first term.is a Coulon:lb potential in wh.ich Z is assigned the 

value Z = 0.24 (instead. of Z. = ! ) tc; :~,.1.ake the binding enert;y of the extra electron 

equal to 0.76 cV. The potential energy is sketched in Fig. l. The top cu1·ve is 

for the case in which there is no external field and the detachment lifetime 7' 

·is ir1.finite. The bottorn curve is for the maximur.n energy in the Princeton-

Pennsylvania protpn synchrotron {3 BeVin a 14-kG field); the second electron 

·is not bound at all. , The central cu;:ve is an exa.m.ple of a case in which the 

second electron is classically bound but can escape with a mean life 7' by· 

ba:rjder pmwt;.·ation. In the absence_ of a good estimate of the H- polarizability 

Illiu:d obtained a lower limit for T from the barrier penetration p1·obabili·ty 

fo1•rnula 

P = exp (-

rxz 
I 
X 1 

r '.:'n- ) 1/2 \ 
< ~- (V(x) - E) dx) 
I~ ''fl 2 I 



·./ 
). ' . ' . 

j (' ' 'I . 

' l .. 

:~j 

' . 
: j . 

l 
l 
J ~-i 
\. ' 
l ''' 
I . ' ! ' ': 
f " ··.-~. • L 

I 

l 
' 

r 
l 
! 

' ; 
j. 

I 

·'. l·. 
! 
' j 
~ .. .i. . • ·' 

l ' ' 
'.''· , :I l 

·~ 

l 
f 
1 
I 
1 

'i: 
i 
l 
.\ 

; 
J 
I. 

1 
l 
1 
J 
'i 
I ., 
' 

' .! . 
.I 

.P UCRL~10746 
• •. • !• • 

and a vibration.frequency for the eleCtron of 1014 sec"'l •. Thus .,~ 1/(lo14P). · 

·A curve of lifetime vs electric field calculated. accordipg to the. above model. 

· is labeled K in Fig. 2. 13 
' . . ' . 

Hiskea 5 has made a three-dimensional WK~ calculation using a value 6! 

2. 5X 1 o15 sec - 1 for the orbital ·frequency and correcting for the effective solid 

angle for barrier pen,etration (one-tenth of the total solid angle, for the condi· . . . . ~ 

./ ' 

tious of our experiment)~ He obtained curve C of Fig. 1 in reference 7 and 

Fig •. 2 .in this. paper by using a shielded potential, . 

· · · 2 I · · · 2 ( · · a,. ) • r ·eo · e · o . 1 · 2 
V(r) = .. - 1 + - + - e1 ..; e - e £ r 

a· r 2 H . 0 

(a
0 
= Bohr radiun), 

·(2) 

and 1·ecent calculationJ 4 of.the electron binding energy, 0.755 eV, and polar-

. b'l't 1 S f th H•i . · 21 ~.i 3 C U d L th. ' 1za 1 1 y o e on, a.H- = ~;, a
0 

• urves an represent e 

estimated limits of uncertainty of this calculation (a factor of three in 'T). It 

is also possible to include a term in V(r) to account for the polarization of the 

neutral core of the a· ion by the B·acond electron~ ... l/2 a.H(e
2
/r) 2, where 

3 . CLH '= 9/4 a
0 

• The e:££ect o£ this term would be to reduce by a small.amount 
. . 

the electric field required for detaclux1<:nt in a given time. 
' . . 

' ' ..... ' . 16 
Also shown in Fig. 2 is a recent unpublished calculation by Khoe, who 

'us.ed a square•well potential. 

. ····;. 
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ill.· EXPEIUMENTAL PROCEDURE 

. The experim.ent waa'pedo'J.•rried in a pulsed magnetic field, with nuclear 

ezhulsions aa pa.rticle det~ctors·. The zo .. MeV n· beam17 of the Berkeley heavy-. 

ion linear accelerator (Hilac) was bent through a 15-deg angle to remove the . .: 

p}.·oducts of gas s'tripping in the accelerator and the beam ·fx'ansport system. · · :. 

Single beam pUlses. with a full width of 50 tJ.Bec ~ere obb:hie'd 'by adjusting the 

timing of the pulsed sou~ce and the rf excitation of the Hilac. The negative 

. i~ns e~tered 'the 430.;.~sec q~rter_.cycle•time magnetic field at its peak; the 

magnetic field was, therefo1·e, constant in time to within l(1c, clu:dr:-3 the boux .. 1. 

pulse .. 
i ,'; 

Th~ magnet18 is a high-field coil of Bitter design, potted in an epoxy 

resin so that it could be operated in a ~acuum (::::: 10-S mm Hg), and is power'ed · 
• • • ·. \ r: ."1 

by a small capacitor bank (4000)-I.·E, ·sooo V). · The magnetic field obtainable in · 
. . . " 

the original 5-cm-diam bore was sufficient to cau'se detachment according to 
. . 

the first estimates, but no breakup was observed. 'We therefore inserted a ' 

·.flux ccmcentrator with a bore 2. 5. em in diameter ,into the magnet, thus raising 

the maximum field to 160 kG~ 
. ' . . . . . . . . . . . 
·The beam entered the magnet perpendicular to the field through a. hole .. 

1.2-c~ high and j·.9-cm wide. Data were recorded with 50-~ C-2 nuclear 
~ . 

emulsions that followed the contour of the magnet bo1·e (Fig. 3). A 1-.mm;..wide 

slit, parallel to the magnetic. axis, collimated the beam at the beginning of the 

high-field region. i External to the B.itter magnet was a movable set of slits that . 

. collimated the bea*'1 parallel to the magnetic field. 

Befcn·e each exposure a pair of fiducial marks was put on the emulsion by· 

pulsing; the beam with zero magnetic field. A single deflected pulse was thert 

recorded at high magnetic field, giving the appearance showri schematically in 
. . . ' .. ~ ' " ... 

Fi~ ".i:.. . The strength of the field during each pulse was monitored by integrating 

.... 
·.·:. '. 
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the Qutput of a single:..turri loop which was solidly attached to the flux concentrator. 

The be.am pulse (monitored by a plastic scintillator) and the magnetic field pulse 
.1 

·.·were simultaneously displayed on separate sweeps of an oscilloscope. 
'I, ,{'j i, 

A small calibrated search coil was used to map the magnitude and shape 

~f the fiel<i befo~e, during, and after the accc;:lera.to1• run. 19 The field was flat 
•: 

to within 1 o/o over a l·crn path at. the center of the magnet and dropped to 90% of 
' 

the central value at a radius of 1.1 em (Fig. 5). (From Fig. 2 we see that a 10% 
I i '; 

change in fl.eld is'approximately equal to a factor of .two change in the detachment 
·. ) : 

lifetime. ) 

A semiq~ntitative measurement of the electron de.ta.chment as a function 

· of magnetic field was obtainec:;l by scanning the em.ulsions with a low-power 

. :n.'li~roscope.· 20 In this .way w~ estimat~d that clear-cut evidence of stripping. 

wa~ observed at 82 :h4 kG, and that the breakup was complete at 100 :t: 5 kG. 
. ' 

We interpolated that the D .. beam would be reduced by a factor of e at a mag'-
. . . . . . . 

netic field of perhaps 94 kG, which is equivalent to an electric field of 

~ •. 2Xl06 V/cm (1 kG is equiv~lcnt tc 4~44Xl04 V/cm in"this e~e:~.·im~nt). This 

· 1·ath~r imprecisely determined point falls on Hiskes' curve C, Fig. 2. 

The emulsions were then 'Scanned at higher power and the tracks were in-

dividUa.lly co~"'lted. A typical profile is shown in Fig. 6. Detachment probabilities .. 
(Fig. 7) were obtained by dividing the track-density profiles into charged and 

' . 

neutl·al cornponents. The vertical bars represent estimated limits on the Wl.­

ce:r,tainty of the method of analysis; the horizQntal bars give the estimated un­

certainty in the absolute calibration of the magnetic field. Both ldnds o£ errors 

:are chiefly syst~matic ratho; than· stiltiatica;l~. I' . , ·· · 
! : j 

For comparing th~ experimental .results with theory the equivalent electric 

(ield, ~. in the bo·;e 'wa~ ·approximated by (cf. Fig. 5): 
... 

. , . 

" 
• I I ; <~ • 

.. ·' '· .. '·· '' .. 
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R -.=s; 
2 

2 

3 r,.,;: -R , 
2 

3 -R:G 1·~iR . 2 . 

. e = 0. 9. ~ 0 + 0.1 ~ 0 sin ·~ 'r1 ' 

(3) 

ro 0 9 C' 0 1 (". a· t"n _r .. r .<:;;, = • . <;.1_ 0 - • c;;.. •. 
o R 

'where R is the bore radius.. :t:he moan life, 7' was approximated by al'l. analyt­

ical forl'l.1. suggested by Hiskes: 5 

whe1·e . a. . .and J3 wexc obtained by a least-squares fit to points on Hiskes' 

. lifetime curve, · G in Fig. 2 •. The equation obtained was 

'" ''\ . 
\ 

{: 

\ 

.1.05X l0-14 49.25 
'T = --· ...... ---- exp · c · ~ e 

t' 
/ . \ 

(4) 

(5) 

(7L and '~"u are .obtained from their defined relationship to 7c• 3-rL~'Tc==Tu/3). 

Checking of the position and shape of the observed emulsion profile 

(Fig. 6) requir'ed s~veral other con3iderations. Due to··the fringing field the. 
. . I . 

~eam emerged fl·o+ .the thin slit into t~e main ficid region (Fig. 3) with an 

angular displacement v. · (It· should be, noted that this effect prevented us from · 

using the beam position in the emulsion to obtain an absolute value for the peak 
.. ... 

field B
0

• We instead used the independently measured field values to obtain 'Y•) 

If we designat0 the ion path by J. then the probability of stripping in a 
1,7 

distance d.£ at £ is 

p (i) di 
( 

J. . .. \ .· . 

. . -L· · l d".·) dl· ... • =.e.xp- o -· x; . 
TV· 'TV 

. . . 

. . 

We related £ to the emulsion tra~k displacement· y by the small-angle approxima-

tion 

2 1/2 i = 2R - (4R. . + 4pR'{ - 2py) 
.. 
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·where p . is the radius of curvature due to the average field. Taking 

a= 0.30Xlo•14 (Eqs. (4) and.(5)] an.din~egratin~ ovel·.theeffcctive slitwidth 

(0.07 .:ern) gave the solid•line curve q£ Fig. 6. ' ' 

The curves in Fig. 7 show the f'1·actional detachment as would be predicted 

by Hiskes. As in Fig~ 2, curves U a.nd L are conside;(ed to be the limits of 

uncertainty in the .calculation. The curves we1·e obtained by using the relation-.. . ' .. . 

ship::> of Eqs. (3)' and (5) to int~gr.ate mm'ierically the eJ:pression 
.'· 

'·.: 

These curves are approximately equivalent to those for fractional detachment 

~y· a ~ni·f~rmfield in 5X 1 o- 1.0 sec.' . 

A comparison of these cu~ves V.:ith the n'lea~ured results leads us to con·:-

clud.e that experiment and theory are in agreement, within the uncertainties of,' 
I. 

each, with the best agreement in the direction of Hiskes' lower estimates for 

th l
'f ,.· . : · .. " ·£.·ld 21 · e 1 e1:ames at a g1ven 1e • 

<' '. 

: .i'. 

.. . 
. ,•. 

; • ; ! 

.. 
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FlGU.RE CAPTIONS 

Fig. 1. The potential energy of the second electron vs its displacement 

1 
from· tlie center of the H- ion,· according to :Kl:lU:ri' s model, . for 

'equivalent elect:~.·ic field va1ues of 0, 3 X l o6
, and 1.7 X l 0 9 V /em. 

Fig. 2. . The mean life for detach:r.::ent v:S electric field. Curve K is based 
I. 

7?1..- • I . . 1 . . 1 K' I • 1 " . . , -r. 16 .( on J;'\.uU:rl s o:r1g1na est1matc; .1s a ca. cmatH.Jn oy .h.l1.oc. see 

text). .Curve C is Hiskes 1 ohielded potential calculation, 
5 

using 

Eq. {2). Curves U and l. are upper and lower lirnits on curve C. 

Fig. 3.. '".Che e:;;q>erirnental an·ang~::Ji'lEmt. 

Fig. 4. Appearance of the data on an en:J.ulsion. The ::~hc:.(}cd 1·cgions have 

highc1· densities and a1·e pJ..·ima:dly D ions. 

Fig. 5. The shape of the m.a.gnct~c iield in. the bore of tb.(; .magn.E::·c ,J.nd in the 

hole thl·ough the flux concentrator. 

Fig. 6.. Typical dctern::lination of t1·ack density vs displac0!'::c.J.ent on the 
'\. 

Fig. 7. 

cxn"t.llsion. 'l'hr;; me·~hod of calculation of the solid cul·ve is dest:dbcd 
\ 

in the tdxt. The rectangle enclosed by dotted ,lines rep:~.·esents D 

ions; the ·>,.;o approxhr.~.ately h~iangula:r secdons D 0 atoms. The ;:;:;;:-

perimental points 'l"epl·esent a total of 3990 tracks. 

The solid:lines give the fractional detachment vs equivalent electric I . . . 

field cal(:;-b.lated ~s described in the text. The abscissa repJresenis 

the equivalent electric fie:td at the centel· of. the :magnet. 
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