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Electron Detachment from 20=- MeV D" lons
o by a Magnetxc Field @ . '

Sehg N. Kaplan. George A. Paulikas, and Robert V. Pyle

. ! ) Lawrence Radiation Laboratory
’ University of California .

“. ¢ Berkeley, California
CApril19, 1963

ABSTRACT

- # The probabiity of electron detachment fxor: Z0-1Je¥ o1 ions by the

Lorentz force of a magnetié field has ‘been- measured as a fimction of field
10

B strength. For a trans1t tlme throuwh the magnetxc field of = SXIO 8€Cy

~ the détachment process becomea 1mportant at an equxvalent.electric f_xgld;,

g = y(x/cPS'B, of about 3.2‘><106 V/cm and is essentially complete at

. 4.2><106 V/cm. The .rgsults"are in ;gre'emeht with."calcula.tidns-by‘ Hiskes «

[
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Electron Detachment from 20- MeV D ~lons

. ',\ o by ‘a Magncnc Iweld
N \ '
\x Sehg N. x(aplan, George A. Pauhkas. and Robeit V. Pyle

‘\

/) Lawrence Radxo.tzon Labor atory .
" University of California .
Berkeley, California

RV 7 april 19.'”196'3 o
T A RODUCTION

: / s A pa vticle i:rg,versmcy a magncuc fleld B thh a velocxt,r v experxences

f/ .. . an clecf:nc fleld 8 (v/c)XB whcre v = (1 2/ 2,- 1/2. If the clectrxc £1eld '

' in the rest frame is suffxczently strong, one or more' electrons may be detached.
{rom an atom or iOI’l.l The pre sent paper descmbes 'a reasurement of the de-‘v.
, tacfnent probab:.hty for neoatwc hyd;ogeﬂ ions, in our caae D" E
Accelm‘raﬁor deswners have dmcussed the q-esn'amhty of accelerating |

v

-‘negauwe 'uyaro«en beama because of the relative ease of extractxon from cir-
cular accclcratms after stripping to neutral or UOblth@ 10'1v-2‘ 3.4 The loss of
" jons wzi.hm the cyclotron orx .ﬁynchx ut.ron through colnsxons thh thc buckground
gas has »also been (:cnrzsn.cxeredl and found to be a real but probably manageable
problem. A more serious lmntatwn to ‘the dcvelopment of h1gh energy negative
hydrogen beams was cuggestcd in 1956 by z{hurx,l who showed that the y(v/c)XB
equivalent electric field of a typlcal circular accelerator would detach an electron E
' _Ifrcm a‘ negative hydrogen ion by the tin'i‘evf:hat it ’rcé.ch'ed a kinctic energy of
" perhaps 30 MeV. ' S
The high-field Short-lifetime ellxpcrir‘n.ents described here weére undertaken
as & check on the Khuri theory:; at the same time Hiskes? refined Khuri's' caicu-
lations. The recent‘defnonst':ra.tiian that a high;quality. .if low-cnergy, profon
,beém could be extracted lfir[oim' cn g c;y‘fc:-v].otr.on6 has fencwed interest in the
practical implicatioﬁs of electron detachment by<th'e ,I.V‘.orentz force of a magnetic
" field. These §r+1p$icaticns for cyclotrqns é.n_d syr}_c_hrocyclotrons have been dis-

cussed by J’udd.7
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- W e note in pf‘a.ssing tha.t the detachment of electrons {rom néo'ative helium
' 8
C ions in a static electric field has been measured by Rnnere and Sweeﬁman and .
e . the deta‘chm‘ent of- eiectrons .f m nc,utral hydrogcn atoms by static electrxc or

‘v/c>< B fields has been calew J.a,"ﬂcl9 or meas u“ed"‘g 11,12 by several groupu."

|

A . v ‘ . II. THEQCRY
e In this se ct*cm we w111 outhnc Khuri's ung,mlonally rourm, one - d1mengxonal‘
-'.._WK?:: calculatmn to uemonsua e the pmr';:o.cal D ocess, and present the results :
Qf iwskes' more precise .calcula_tions for comparison with the exper’iment‘.;

- Khuri assumed that _thé effective potential energy of the extra eléctrqn‘ih

Vix) = - _Z‘.E:'»veg:{, - | | | (1) '

o :
Whgre gﬂ y(v/c)XB and x is the dlopla.ceme"lt of ’che electron from the ccnter
‘of mass. The first ﬁ:ermv is a Couﬁ.omb potential in which Z is asszsned the
value Z = 0.24 (inaﬁlead of Z .= 1) to mnake the binding ensrgy of the extra -electrsn
équal ’cd 0.76 eV. The potential énergy is sketched in Fig. 1. The top curve ié
for the case in whiéh there is no external ficld and the detachment lifetime 'r"
‘is infinite. The bottom cur\}e is for the mazimurn energy in the Princeton-
e : Pemméylvania proton synchrotron (3 BeV in a 14-kG field); the ee‘cond electron
'is not bound at all, The central curve is an example of a case in which the
'uecond electron is classically bound but can escape with a mean life 7 by
barrier penetration, In the absencc of a good estimate of the H™ pola.rxzabﬂaty

Khuri obtained a lower limit for 7 from tae barrier penetrai:ion probability

;% \
P = exp [\- f Jung [Vix) -E} - dx

N I
xi .'\ n 7
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014’ sec” 1 Thus EEs 1/(10142’)

A curve of hfctxme vs electrxc fxef.d calculated accordmg to the above modcl

SRINIRETERE 1) labeled K in Fzg. 2. 13

Hlskess has made a. three~d1mensxona1 WKB calculatmn usmg a value of' .

-1

2 5)(1015 for the orbztal frequency and correcting for the. effecf.xve sohd

angle for barrier penetratmn (one-—tenth of the total solid angle. for the cond:.—‘ |

| tions of our experiment). He obtamed curve C of Fig. 1 in reference 7 and

.. Fig. 2 in this paper ,ny‘ using a shie}.ded pc)tential. ,

o 2- L we2rfeg . : :
(r) (1+ if’-) °+ la . €2.c6x (2)
Ca ¥ ¢ H | o

(a,= Bohr radius),

'anf:l recent calculationst¢ of . the elcctron "bi'nding energy, 0.755 eV, and pelai'-f

15of’t:hez H"ion, ap-'= 212 a°3-. Curves U and L represent the °

. estimated limits of uncertainty of this calculation (a factor of three in 7). It

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

neutral c'o_i‘e of the H™ ion by the s-acond electron, = 1/2 a.H(ez/r)Z, wheze

Qpy = 9/4 a, 3. The effect of this terny would be to reduce by a small amount

the electric field required for detachment in a ngen time.

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

'used a square-well potential.



: ‘magnetlc f1e1d wa.s, therefore. constant in time to withm i% during the beam

" resin so that it could be operated in a vacuum (~ 10
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. EXPERIMENTAL PROCEDURE

The experlment was' perfox rmed in a pulsed magneuc fxeld, thh nuclear
emulsions as particle '_de’cecto'rs. The 20-MeV D~ beam!’ of the Berkeley heavy-.
ion linear accelerator (‘Hilac) was bent through a 15-deg angle to remove the. -

products of gas stripping in the accelerator and the ‘beam:'f:ﬂi’anspdrt‘:‘system. b

~ Bingle beam pulses with a full width of 50 psec were obtaisied by adjusting the
* timing of the pulsed sou“rce.and the #f excitation of the Hilac. ‘The negative

' ie'ns entered the 430;';.LSe¢-qﬁartex‘-'eycle.«'timé magnetic field at its peak; the -

K

iy

' pulse.

The 1?nagnet:]‘8 is a hxgh fleld coxl of Bitter desmn, potted in an epoxy

-3 mm Ho), and is powered- -

by a. sma.ll capac1tor bank (4000 p.E, 5000 V) 'I‘he magnetxc field obta.mable in - E S

a.he or1gma1 5 cm-dxan'- bore was sufﬁcient to cause dewchmcm accordmg to

‘the f).rst estxmatea, but no breakup was obsérved. We therefore mserted a

flux concentrator w1th a bo:e 2.5 ¢m in diameter- into the magnet. thus muma

the” maxxmum fxeld to. 160 kG.

Thc beam entered the magnet perpendlcula.r to the f1e1d through a’ hole

N

.'l'Z—cm hlgh and 1‘ 9-cm wxde. Data were recorded with 50-p C-2 nuclear

g emmamm that followed the contour of the maﬂnet bore (Flg. 3). A l-mm-wide

slit, parallel to the magnetic axis, collimated the beam at the begmnhg of the

- high-field regxon. ,External to the thter magnet was a movable set of slits ‘that .

collimated the beam parallel to the magnenc field.

Before each exposure a paxr of fiducial maxks wee_put -on,' the emulsion by

pulsing the beam with zero magnet c field, A 4sin'g1e deﬂected pulse was then

| 3 '_x'ecomded at hxgh magnetic fxeld. ngmg tne appearance shown schematxcally m

' Fxﬁ, 4. The strength of the fxeld during each pulse was monitored by mtegratmg "

e
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the output of a single’-’curn loop which was solidly attached to the flux 'concentrator;

The beam pulse (momtored by a plastic scmnllator) and the mag,netxc fxeld pulse

ax

- were sxmultaneously displayed on separate sweeps of an oscilloscope.

A amall cahbrated search coxl was used to map the magnitude a.nd shape '

of tne field before, during, and after the accelerator run, 19 The ficld was flat

‘to wxi,hm 1% over a l-cm path at the center of the magnet and dropped to 90% of

the central value at a radxus of 1. 1 cem ("‘Lg. 5) (From Fzg. 2 we see that a 10%

| change in f1eld is approxzmately equal to a factor of two cha.nge in the detachment

| lzfetrme )

A s.emiquantiﬁative measurement of the electron detachment as a function

- of 'magneﬁc field was obtained by scannihg the emuls'io‘ns with a low-power
. microscope. 20 In this 'way we ’esﬂtimatedv that clear~cut evidence of stripping" '
‘wae obeerved at 82 :1-;4 kG', and that the breakup-was complefe at 100x5 kG.

'We mtcrpolated that the D beam would be reduced by a factor of e ata mag-

nenc f1e1d of perhape 94 kG, wh1ch is equivalent to an electxi ic field of

z 4 2><10 V/cm (1 kG is equwalont te ..44x10 v‘/cm in this exper ment) ‘This

' ra.ther 1mprcczse1y determined point falls on Hiskes' curve C. Flg 2.

J.he cmulszons were then *scauned at higher power and the tracks were in-

d1v1dua11y counted. A typical profne is shown in Fig. 6. Detachment probabxlitxes

(Fig. 7) were ob»amed by dxv1dmfr the track -density prolees into charged and

i

_neutral components. The vert;cal bars represcnt estxmated limits on the un-

certamty of the method of analysxe the honzontal ba.rs gzve tne estzmated un-

- certamty in the absolute calibratlon of the magnetic field. Both kinds of errors

';are ch1ef1y syatemauc rather than statistzcal. .

" For comparmg the experimental results with theory the cquwalent electrxc

“ f1e1d E. in the bore was approxxma»ed by (ct. Fxg. 5)
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Q’Srs'% . B=09f,+01 €, em 2 w,

Rer<3p,  g=€_ , ey
-2 .2 o 0 , o
‘1§—Rslr<~2'R o ,€=VO.980-0.1858in_—;’11{,

'where R is t’he bore radius. The moan life, 7 was approximated by an 'a;na.lyt;f- :

. ical £orm sugg_,ested by Hlskes's-v

o

v—‘ﬁexp(ﬁ). o @
. & o

whe ‘e Q. and B were obtained by a leaat-aquares fit to pomts on I—hskes'

. hfetzme curve, G in Fxg. 2. .-The _equatxon obtamed,was '

vooTe R T R T - o

i
!

‘,/ \

< (7L and Ty are obta.med from thexr defined relatxonshxp to T 37L-7C—TU/3)

Checkmg of the poaltxon and ahape of the observed emulsion profile

(Fig. 6) required sgveral o’cher consziderations. Due to-the frmgmg field the

beam emergéd frc)x%x the thin slit into the main field. region (Fig. 3) with an

: ‘angular-disnlaéement y' : (It\shovuld be: noted that this effect prevented us from '
usmg the beam posxtmn 1n the emuls:ton to obtain an abaolute value for the p\,a.k

. field B We mstead used the inde,pendently measured ﬁeld values to obta.m Y- )

f we de.ugnate the mn path by b4 then the probabxhty of strzppmg ina

P(2)dl = exp L dz,)ﬁ‘ﬁ,
‘ TV ‘ 7V

 We related IZ to the emulsxon track dxsplacement y by the smc.ll-angle appL oxima-

twn

¢ = 2R - (4R% + 4pRy - 2py)}/2 ,

=
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‘where p is t the fadius of curvature due to thé average field. Taking -

a =0, 30><10°14

[Egs. (4) and (5)] and- mtegratmg over the effective slit width

- {0. 07 cm) wave the solid«~ lme curve of Fig. 6. |
'l‘he curves in Fig. 7 ohow the fractional detacbment as would be predxctcd

by :%ixskes. As in Fzg. 2, curves U ‘and L are considered to be the ln‘uts of

uncc-;;tamty_ in the calculatmn. ""he curves were obtained by u%.ng the relatzon-

~ ships of Eqs. (3)and (5) to. mtegrato numencally the e:.pressmn

‘ zR
LY S .
Fractzonal detachment 1 - exp -1 l df .

Thles‘e; cﬁrve; are approx‘x.matelly equwalent to thosc. for fractmnal dc,stachr’nent
vby a umform neld in 5X10" -10 sec.l . o

A comparmon of these curvés' with the :meaéufeci results leads us to cc‘m'-v
clude that expenment a.nd theory are in agrecment within the unccrtamtie., of
_eac‘u w1th tne best agreement in the dxrectxon of I—hskes' lower estxmates for |

- the llfeurreu ata gwen 11e1d. 21
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FIGURE CAPTIONS

The potential encrgy of the second electron vs its displacement
= 1
from the center of the :I ion, -according to Khuri's model, ~. for
co. 2aw1o? <1 mvrnd
equivalent ele sctric ftelc. values of ¢, 3X107, and 1.7X107 V/cm.
The mean life fQZ‘; detachy:ent vs 'electric field. Curve K is based
. -y . . U S TN < I
on Khuri's original estimate;” K' is a calcuiation by Khoe™ ™ (sce
text). Curve C is Hiskes' shielded potential calculation, ™ using

(2}, Curves U and L are upper and lower limits on curve C.

The experimental a rrange mment,

Ap),cc..m.nce of E.L:e data on an eraulsion. . The shadced regions have

a

- higher densities and are primarily D7 ions,
" The Shape of the ma‘vncuc :.161(‘.. m the bore of the iragnet and in the ,
hole tha ‘Ough the ﬂuy concantrator.

'Iy"mca.l aetev‘mmaf,zon of track denolw vs d1.> lacernent on the

—

' exnulsion. e method of calcula»;‘on of the rsolm cuz:vc is descwribed

'\.

in the text. The rectangle enclosed 'by dotted lines represants oo

' : " 0
ions; the two approxxmateay triangular sections D atoms, The zx-

-

pu*xmcntal points repre sent a to%:al of 3990 tracks.

The. ssolidilines Oive the fractional detachment_ vs equivalent eclectric

.

hcl alcmated as described in the text. The abscissa represents

the ccuzvalent electmc flc’d at the ceﬂ.t\. of the magnet.
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