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Abstract>

13

The loweét T = 3/2 state in N has_been observed using H+ and H+

2 3 .
molecular ioq beams incident on 12C. The,depeﬁdence of the'shape of thévobserved
anomaly on the molecular ion species and the target thickness is accqunted for using
the parameters of the molecular ions and a standard resonance shape determined
using a proton beam. in adaition to eiplaining thé interaction of ﬁolecular

ion beams with e thin target, these results provide a technique for extending -

_ precise energy célibration standards to, significantly higher energies.

*WOrk performéd under the auspices of the U.!S.‘Atomic Ehergy Commission, and_
shpported in paff by the Natidnal Science_Foundation'[GP-28027, GP-19887].
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1LfPresent Addréss:‘ ARKON Scientific Laboratories, Berkeley, California.
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1. Introduction

'Iﬁ the paSt decade the development,éf the isochronous cyclotron has
extended the realm of nuclear»spectroScopyvinvestigatiéns to considefably higher
eneréies.  The requirement of high-resolution expériﬁenté to obtain'précise
* 'spectroscopic information has led to the construction ét several cyclotfon

1,2.3) ynich select a portion of the

laboratories of magnetic analysis systems
"external beam with greatly improvéd energy resolution and emittance.

The probleﬁ of obtaining precise energy calibrationsh).for thése_high-
energy beams remains. One'techniques)-fo: calibration at higher magnetic
rigidities involves measuring a neutfon threshold, e.g. 16O(d_;n), using
"an analyzed l60 beam with successively lower chafge states. This extends the
range of existing energy standards somewhat; however, it is limifed to accel-
~erators with heavy-ion capabilities. Another technique involves the measure-

ment of a narrow proton resonance using protons bound in molecular ions.

Parkinson and Bardwickz); in a recent attempt to observe fhe narrow 14 MeV -

+
2

nance cannot be observed in this way. The present observation of this resonance

resonance in 12C(p,p)l2C with an H, beam, conclude efroneously that the résq-

+ + - v
with both H2 and H3 molecular ion beams indicates that calibration points up to
a magnetic rigidity equivalent to that of 128 MeV protons can be obtained. An"
‘explanation of the dependence of the shape of the resonance curve on the structure

.of the molecular ion and the target thickness is presented.
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. 2. Apparstus -

The present;measurements were performed with proton, H; and H; beams
obtained from the Berkeley 88-in. cyclotron. - The beam analys1s system ) consisted
of two llO° unlform-fleld magnets operated such that the f1rst magnet prov1ded
'ienergy analy51s and the second magnet removed the beam tall produced by scat-
ter1ng from the analy21ng slit (located mldway between the two magnets) r.:
each beam the energy resolutlon (fwhm) vas. experlmentally determlned to be
0.015%. At the proton resonance energy (14.232 MeV) thls corresponds tovan '
energy .resolution of 2.1 keV. . The presence of a small'proton contaminationw
of the molecular ion beam whlch might arise from collls1onal dlssoc1atlon fol-
~low1ng the last analyz1ng magnet was minimized- by a set of small colllmator
sllts located 1mmed1ately«1nlfront of the.target. Thls arrangement was . par-
'ticularlyleffective since sucb protons wouldfbe’defocussed’by a magnetic‘duadru-
pole located upstream.from.the'scattering chamber For the H2 beam, measurements ‘
of - the beam current with the target 1n and out of -the beam place: an experlmental
llmlt of < 5% on the proton contamlnatlon the ‘actual” amount of contamlnatlon
is estimated to be considerably  less than thls_11m1t~ A

Self-supporting carbon targets with“thicknessesmin the.range'of l_O-hO'ug/cm2
were employed. .The target thickness was combared directly to that of avstandard'
'target (*’uolug/cm2) several times during each run. - An absolute thickness cali-
bration uas obtained by direct measurement of the weight of a -second standard
target. The targets were carefully selected for their uniformity and the pos-
sibility of appreciable carbon builduplwas‘eliminated by using low beam cur-
rents (=100 nA) and by maintaining a vacuum in the scattering,chamber of less

~than 10-'6 Torr.
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Scattered protoﬁs were detected by two Si(Li) solid-sfate counters
located symmetrically at laboratory angles of #165°. 'This.geometrybwas par-
ticularly insensitive to small‘changes in the beam direction, whichrwas defined
rby anventrance beam.céiliﬂator'and a split Faraday cup. :The countef resolution
wasrsuffiéient fo separate the elastic yield from 120 from that due to small
13, 1h |

c, N, and l60 contaminants which might produce a different energy dependence

‘over the narrow range of the resonance measurements.

+
3

For the measurements with protons, H; and H
monitored by a NMR probe in the first anélyzing magnet, was held constant to -

the magnetic field,. as

gbout 1 part in 10° (® 0.3 keV in the proton energy). The reproducibility

. + . .
of the measurements for protons and H2 was found to be ® 0.5 keV in the proton

~ energy.
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3. Results

Figure 1 shows excitation'curvea for protons, H; and H; forfa laboratory
angle- of 165° covering proton energiés in the'neighborhood of the lowest T = 3/2
level in l3N (E lh 232 MeV, E_ = 15 066 MeV) ) ~The proton yieids have been
plotted as a functlon of the energy of an 1nd1v1dual proton 1n the beam. In _.
each case the anomaly due to the narrow resonance (F l 1 keV)T) is clearly
vseen, although the 51ze of the effect and 1ts apparent wldth are obv1ously
functlons of. the type of beam employed. The‘energy loss in the target is less
than 0.5 keV. While the curve shown~for protOn;vcorresponds to a elightiy 
thicker l?C target, other measurements with different targets have verified'
that for such thih targets the size andishape of the protOn resonance ‘curve is
inseasitivetto'the"target thickness. .This/sh0ws-that energy loss ahd’stragéling -
_7effects are small when compared to the molecular—ion effects that;are to‘be
:explaiﬁéa; | | R

-For the HZ and H; ﬁeasurementsbtﬁe resonancebanomalies occur at‘molecular
ion energies of.28.h6 and-h2.70 MeV, respectively; Expressed in terms of equiv-t
alent proton magnetic rigidities, these correspond to protonsﬂof 56.9 and :
128.1 MeV. These calibration points cover the range of magnetic rigidities of
beams available from the‘Berkeiey 88-in. cyclotron quite adequately. As will be
appareat from the theoretical treatment in the pert sectioa; this technioue

can be extended to other proton resonances prorided sufficiently thin targets

are available.
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‘b, Analysis =

The preceding section has shown that when a nuclear reaction is induced
by a beam of moléqular ions instead of by a beam of atoms orvbare‘nnélei, narrow
resonances aré broadened and diminished in nmplitude. ItAmust be presumed that
these effects can be accounted for in.terms of an incrensed enefgy spread in tne
beam due to the randomly oriented‘intérnal moleculaf velocities. If 36 |

the velocity of the molecular ion beam and $m is the velocity of a proton with

is

respect to the center of mass of the ion, then thevproton energy shift is:

- > ,2 2
=3 R+ %l - B,
. > - ->
a’mvovm coso. , since |vm|_<< Iyol s

nhere o is the angle'between 30 and $h and is distributed randomly..'This
simple expression snows clearly that, though the molecu;arvenérgiés are only -
of the order of a few eV, energy spreads a thouéand times larger are pdssiblé
for peam energies in the MeV rangen

The internal_velocities arise principally from two sources: the vibra-
,tinnal energy of the molecular ion8) and the acceleration of the nuclei in the
moleénle due to their mutual Conlomb repulsion after tneir binding electrons
--are stripped off at the surface of.the targetg). - The first of these effects is
independent of the nature of the target and depends only upon the structure of
the molecular ion. The latter effect must, however, be strongly influenced by
the thickness,‘density, and composition of the target material. This dependence

15

arises because the nuclear reaction samples only the short time interval (=10 7 sec

'in this case) during which a beam protan is in the target.  In this period the
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) Coulomb force can only accelerate‘the protons to a small fraction of thélr'
ultlmate terminal veloc1ty, thus, only a small fractlon of the maximum spreading
of the beam energy is achleved before the proton leaves the target

| In the next paragraphs we shall 1nvest1gate the relatlve contrlbutlons
of these two. effects, however, the Coulomb exploslon of the ion must, even
at thls stage, be suspected as the origin of_the discrepancy between these n
results and the conclusions of Parkinson and Bardwickz).

| In order to determlne the shape of a nuclear reaction resonance observed
u31ng a molecular ion beam, we shall con51der only diatomic molecules, more.
compllcated molecules are dealt with bv a two—body approx1mat1on.; At the present

time this approach is well justlfled by the llmlted prec1s1on of the data. In

most of the derlvatlon H2 will be used as the example however, the results are

ea51ly modlfled for any other d1atom1c molecule.

The form of the resonance, N[E(po)], can be expressed'in the folioving'way;

¥

“t 0 o _ . '

N[E(p,)] = f at { f fpl(:,’l’t,) Y'(pO * pyldp; } ,
. O - -0 v . ] ’ . »

where: . Py is thé nominal mOmentum of a proton in the beam; Py is. the net con-

tribution to the total momentum from. molecular effects; t, is the trans1t time

~E
for a beam proton in the target; Y (po + pl) is the observed y1eld Y(E) per unit
* transit time for a proton beam that has been expressed in terms of the-proton o .
_momentum; and fél(pl,t) is the probability density that,a’proton will have an
increment Py to its momentum at the time ’t. : ,‘ ‘ o v

N(E) has been expressed in-this wayAbecause,-by‘introducing Yf, the
'integrals over the intrinsic'beam spread, target energy loss’and straégling are



@

Note that for both H

~ 4 x10”
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unnecessary. This method of decoupling the'muiti-diménsipnal integral has the

vfurther advantage of eliminating the necessity of knowing the intrinsic line

shape'of fhe resonance. |
Since Y(E) is obtained by scaﬁteriﬁg pfqtons_from altarbon'target, we
have only fo concern ourselves with fpl(pl’t);» The model uséd céntains the fol-
lowing assumptions.
| 1. Before it hits the farget the molecule can belcharacterized as a

simple harmonic oscillator in its ground state.+ (The enérgy associated with

.- N : o .
rotational excitation is an order of ﬁagnitude smaller and its effects can be

‘neglected. ) '

2. - The binding electrons of the molecule are stripﬂed off at the sur-
face of the target (by large angle e-e collisions) and move away fast enough
that their influence on sﬁbsequent processes can be ignoréd.

1.

+
2

among the vibrational levels. Thus, it is conceivable that the excited states

+ v
and H3, electric dipole decay is forbidden for transitions

populated on leaving the ion source are still partially occupied after the

5

sec transit time to our target. Walters, gg_gl,lo) hé&e shown éxperi—\
mentally that the popufgtion of such excited vibrational levels is sufficiently
low that the results we present would not be affected appreciably. Since their
experiment involved the short transit time characteristic of an electrostatic
accelera:cors we shall assume that the ﬁuch'longer acceleration period of the

88-in. cyclotron (% a factor of 100) brings us even closer to our assumed

situation.
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P
3.;:The stripping of tbe'electrons oceurs sufficiently :t‘a.st.(z‘lo—17 sec)
that .it does notbdistnrb the "instantaneous" state of the protons, i.e. immediately
after stripping the waie function of the protons is still that of a ground-state
: harmonic osciliator. , ' | - _ U ‘ | o | -
4, fThe moiecular ion is rendomly oriented with resnect to the bean.
direction; | | | o
, 5( The;interaction-ofbthe protons with the target mater#alldoes not
“appreclably change pl ~This implies that the Conlomb repulsion.of the'protonS'
is not screened by a redlstrlbutlon of the target electrons.. That this assnmption
is valid has been checked crudely using a free electron model of the‘soiid,target,
”rIn the short time that the protons from the molecular ion remain near a glven
electron that electron will not be dlsplaced sufflclently to appreclably modlfy '
the repu131ve interaction of the protons. (Because this approx1matlon can be
Justlfled in this partlcular case does not 1mply its unlversal valldlty; at '
low bombardlng energles (~f100 keV) such screenlng effects may 1ndeed be 1mpor—
\ tant.) - | l 4
| The momentum, ;t; of an individualfproton in the beam is
> > > -> -> ->
P =Py * P, + P (t)=py+p
where: ;v is the monentum due'to the,zero-point_vibrationvof the'molecule;
;c(t)‘is tne momentum;arising from the Coulomb repulsion between the protons; .
and ;m is‘the total molecular contribution to thevmomentum vector. If o is-

: >
the angle between the beam direction and the common axis along which both P,

- .
and pc(t) are directed, then:
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N 2 2 1/2
p, =(py +p, + 2poP, cqsa)

~ s
Py + pm cosd s 51qce Pm << Py .

From this wé can identify P, as p, coéd;'using the above éefinitioné tﬁis can
also be expressed as (pc(t) + pv)cosa. | |

| The probability density fpl(pl,t) can.now'be calculated 5y finding #he
probability densities of the individual momentum components and folding in the
effecté due to the distribution of a. Consider firstvfpv(pv), the.probability
that the zero-point vibration energy results in a residual momentum P, when the
molecule ié‘dissociatéd. (Note that pf is'directed_along or opposite to the
direction of pc(t).) If p and x afe.the momentum and distance from equi-
librium in the center-of-mass system, then the vibrational ground.state of the
moiecule is described by:

1/2

wo(x) = aT/E' e

m

-a2x2/2 .

where a = 'J g% s, m 1s the proton mass and w 1is the vibrational frequéncy.'

The Fourier transform of this wave function ‘

|
_ 1 -p2/2a2h2

¢0(P) = 1/2 1/ € s

(ah)™" “m _

yields the momentum distribution

| | 2,22
_ 2 _ "__g__ -p /a"h
fp(p) ~'I¢Ol - mwhm € 2 -
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-Since the momentum of either one of the protons is the same as the momentum

of the reduced mass,

‘ 2 2.2
2 o~Pv /a"h"™
mwhT =~ '

£ (p,) =
P, °v
Now consider the momentum arising from the Coulomb explosion. The

classical differential equation that governs'the motion of the protons is:

R ¥ . . . . Lot

'2v ! N .a N v ‘ v
wvhere B = EE » and r is the distance between one proton and ;the center of -

‘mass. The solution of this_équation is:

2
t(r) ir -r + = (%E— -r +'E—-— 1 s
0 0 0
ar .. [Z 1
at ~ Y ry T r >

where Y = V2B  and Ty is the interatomic'spacing of the protons in the

molecular ion., These expressions can be combined numerically to give the desired

quantity, p (t). For the cases of presentkinterest, however, the protons move

apart only ~'lO -2

is _‘=’10-8 cm. 'Therefore; pc(t) can be appfoximated-to‘good accuracy by maot,

cm in the time it takes them to transit the target, while’ g

where a, is the initial Coulomb acceleration. The followihg derivations do
not specify the functional form of pc(t), and the more precise form can be used

where necessary.

R C
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The zero-point vibration corresponds to an uncertainty in the interatomic
- spacing at which the Coulomb explosion begins. - Although wo(x) is used to obtain
the distribution of these variations, the resulting probability dénsity cannot

be readily combined with 5 (Pv)’ because x and p are not independent

v _ .
variables. To do the problem porrecfly would require quantizing the oscillator
in states of definite pm(t) and then calculating the amplitude foy'the ground
state to.go to each of these states--quite a difficult undertaking. Fortunately,
for the cases of current interest the uncertaihty in x introduces at most a ”
10-20% upCertainty in the initial Coulomb acceleration. After the averaging
over «, this results in a negligiﬁle 2-3% uncertainty in the pgrt of 123 due £0-
the Coulomb explosion. Therefore, we shall ignore this effect.

Since Qe now kﬁow the form of pc(t) and the distribution of'pv, we may
express the momentum distribution in terms of P, This wil; allow us to

. eventually perform Pur integration over py = pﬁ cosa in a more straightforward
manner than if we were to insist on averaging first over the m.omentumvpv of

the oscillator.

The corresponding probability density for Py is:

| ~(p, - By (£))/a"n?
£p (Bpt) = £ (B, = 2(6)) =, = B ¢ .

o Since the breakup of the molecular ion is isotropic in its center-of-mass system

and since coso and p, are independent, o

-
L&

2, 22
. - - h ]
f (p_,cosa,t) = I (pm pc(t)) /a . for |cosa| <1
p, »cosa Fm> "% Y Zudin -
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whereNf‘ (p_,cosa,t) is the joint diétriﬁutién funetion of p_ and cosa.
: p,>cosa’ m , ' : m .
Consider now the mapping of the (pm,-CCSG) plane onto the (pm, pl) plane, e

- defined by p,.= pm;ppsd.

L L | o -(p - p (N2 -
5P, 1°%m? '.2mwhﬂ 'FE;T - , T Py 1P v'

Thus,

2]

f(P;t):f»f ~ (p,sp_,t) dp_ .
o TRRE A pl,pmvl m m

. =0

- Returning to the original expression for N(E(po)) and;interchgnging the

-order of integration Of,Pl and P,» we obtain.

o — g T =y - p () Pah? o
N[E(Po)] = # ST f dt f o.Te | alppopglae, 5
0 - | |

where

g(pm_,po) ,=f Y (p0 + Pl)dpl .
‘JPml : o - . _ B ‘ ) 32

e , the nominal energy of a beam proton at the o

Expressing g in terms of ER s

resonance

Res 2

Ip lpp.q ] R
—_—) s
Res

-, . lp Ip. -
~ m m' ~Res
e(p,>pp) =5 [I(ERes + ———) - I(E
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where PRes is the proton momentum corresponding to the resonance energy (assuming

a narrow resonance) and

E .

I(E) = f Y(E)dE .

A —co .
I(E) can be easily calculated by gfaphically integrating the observed yield
é_ﬁrve for the proton beam, and N_(EO) is now in a. form that perﬁits numerical
vintegration. |

The res;lts are shown in figs. 2 and 3. For‘iﬁpr6ved clariﬁy of(pre-

sentation a constant contribution to‘the yield was. subtracted from the molecuigf
ion results. Figure 2 gives the resonance shapes for H+ and H+ ions on a

2 3
10.3 ug/cm2 carbon target. It must be emphasized thét in this figure as well

as in fig. 3, there are no adjustable parameters in the theoretical analysis.

The shape and size of the curve are completely determined from the'accepted-

+

values of W and r 3

+ )
for H, (ref. 11) and H_ (ref. 12) together with the

0

proton resonance curve.

+
2

(13.9 ug/cm2) and a family of curves calculated for H

Figure 3 provides.a resonance curve for H, incident on a thicker target

+

5 corresponding to a range

of target thicknesses (given in ug/cmz). The latter clearly shows that near

the front of the target (or for thin targets, < 3 ug/cmz) the energy spread is
dominated by the zero-point métion. At intermediate distances into the target
(3 to 15 ug/cme).the contribution from ihe Coulomb explosion dominates and soon
the observed resonance width substantially exceeds that seen with a proton beam.
This causes not only a further broadening of the resonance but also allows fewér

resonant reactions to take place in the target volume, thus decreasing thé»
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resonanf yield per ug/cmz. At greater depths'fhe energy spread from the Cqulomb
explosion is so large that essentially no further resonant reactions can océur.
Thevresdﬁénce tﬁus'retains‘its shépe énd ﬁagnitude as the thickness of the target
~ is further increased, but the ratio.of:resoﬁant yield tq;non-reéonant yield

' decreases linearly with fhickness.

o : o . E : . v
Figure 4 shows a smooth curve representing the proton data together with

' -+ + . . : ‘ S
calculated curves for H2 and H3 beams on a l_ug/cm2 target. The only appreciable

contribution to these curves comes from the zero-point motion of the molecular
ions. Thus, the curves represent the "intrinsic" resonance shapes observable

with these beams.

.



A
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vthan that which can be attained in the ~ 10
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‘5. . Conclusions

The data obtained for the 14 MeV resonance in 12C(p,p)lzc show clearly

2 3

e range of calibration points cbrresponding to widely different beam rigidities

+ . . I
that by using beams of protons, H, ions and H, ions to observe the same resonance

can be obtained. The discrepancy with the conclusions of Parkinson and Bardwickg)

has been resolved. The energy spread of the breakup protons from a molecular

. ion beam observed at the focal plane of a spectrometer corresponds to the terminal

velocity from the Coulomb explosidnu This spréad is necessarily much greatéf
15 sec period‘saﬁpled by observing
the scattering from a thin target. These results yield a new appreciationvof V
the role played by the spatial localization of the constitﬁénts_of the incident
moleculér ion upon entering a solid target.

It must be noted that the close proximity in space (= 1A) and time

17

(ﬁ=ld- seé) for the impact of the several protons in the molecule on the tar- -
get allows, at least in principle, the observation of their successive or simul-
taneous intefaction with ; single étom.of the target. This could permit the
observation of the interaction of protons with_exc%ted atoms dr the ﬁodificatiQn
in the energy loss for the second of a pair protons dqe to the prior passage'of

the first.

These results have inspired the investigation of the proton backscattéring
' 13y

when molecular ions are incident on aligned silicon crystals In this case small,
but significant differences have been observed when axial channels in the crystals

are aligned with the beam direction.
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Figure Captions

~ Fig. 1. " Proton yield curves for a laboratory angle of l65° corresponding to
the bombardment of carbon targets with beams of protons and the molecular

hydrogen ions H and H The energy scale shown refers to the energy of a

3"

proton in the beam, the target thickness and integrated charge (protons)

are ‘shown for each experiment. separately. (The resonance shown corresponds

to the J" = 3/27 , isospin 3/2 level in l3N at’ E lS 066 MeV )

Fig. 2. Resonant yleld curves for the bombardment of a 10, 3 ug/cm

carbon target' with beams of H2_and H3. The energy scale shown 1ndicates

the proton energy displacement-from the resonance energy, ER . A constant;

non-resonant contribution to the yleld has been. subtracted from each p01nt

for greater clarlty of presentatlon. (Note that the theoretlcal curves do

not 1nvolve free parameters.) L‘ I f_ : o S
Fig. 3; (Bottom) A resonant yield curve for the bombardment of & 13 9 ug/cm2

carbon target with.an. H2 beam.

(Top): A family of resonant yield curves calculated for the bombardment:‘
of carbon targets of various thicknesses (shown in ug/cme)'with H2 ions. The

curve labeled w1th "p" is a smooth line drawn through the proton data.

Fig. 4. The curves shown correspond to the proton data (labeled w1th a " ") and

calculated curves for the bombardment of al ug/cm carbon target w1th H2

and H3 ions. The domlnant contrlbutlon to these calculated curves comes - L

-, from the zero-point motlon of the incident molecular ion.

@
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